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“Every aspect of nature may be approached by poetry or experiment as well as by 
reason, and indeed such is the usual order in history.” 




Natural gas hydrates are nonstoichiometric solid crystalline compounds that form 
when methane or some other gases combine with water at high pressure and low 
temperature conditions. It is found in many parts of the world, particularly in deep 
water marine sediments and near the surface in Arctic permafrost regions. This 
research is important as there is a tremendous amount of methane gas believed to be 
trapped in nature by hydrates deposits and it is estimated that the worldwide amount 
of contained gas in hydrates may surpass the total conventional gas reserve by an 
order of magnitude.  This makes them an attractive potential source of energy for the 
near future. The current challenges in gas hydrates research is to inventory this vast 
resource and explore safe and economical methods of developing it. 
In order to produce the gas from hydrates, an in-situ phase change in the form of a 
dissociation process must occur. The dissociation can be carried out by a variety of 
methods such as heating, depressurisation or chemical injections to destabilize the 
hydrates such that they dissociate into water and gas. At the National University of 
Singapore (NUS), a hydrate rig capable of carrying out controlled dissociation has 
been built and commissioned. A previous study conducted at NUS has demonstrated 
that a combination of heating and depressurisation on a single wellbore production 
scheme is more efficient than depressurisation alone.  
In this study, experimental work was continued on the hydrate rig to explore the 
feasibility of a dual wellbore production scheme where heating and depressurisation 
were conducted on separate wellbores. This study was divided into two parts. In the 
first part of this study, the phase boundary of methane hydrates, an important physical 
 
 v 
property separating the stable methane hydrates from its constituents, was 
investigated in both purewater and seawater conditions. This was because phase 
boundaries allow a better prediction of the stability conditions of hydrates given a 
particular pressure or temperature, but the existing phase boundaries in literature were 
limited in their pressure range especially at the upper limits. The purewater and 
seawater hydrate phase boundaries were determined experimentally by a novel 
controlled dissociation method developed in this study and it provided results for a 
wide continuous pressure range from 2 MPa to 17 MPa rather than discrete points 
commonly obtained through conventional methods. Furthermore, the upper pressure 
limit of the phase boundary of seawater hydrates was expanded from 11 MPa in 
literature to 17 MPa in this study. The temperature search method was then used to 
independently validate the phase boundaries obtained using the controlled 
dissociation method at various equilibrium points.  
In the second part of this study, the work on gas production was extended and the 
feasibility of improving gas production from hydrates using a dual wellbore system 
was explored. Dual wellbore systems are common practice in the petroleum industry 
but novel in hydrate production. The drawback with combining heating and 
depressurisation on a single wellbore is that the production fluids are flowing 
upstream against the dissipating heat from the wellbore and this forced convection 
might slow down the dissociation process. Hence, the hydrate rig was modified from 
a single wellbore in the cylindrical axis to a dual wellbore setup. By carrying out 
depressurisation and heating on separate wellbores, the forced convection of the pore 
fluids can be used more optimally to transfer energy into the dissociating region. Gas 
production tests were carried out using the dual wellbore system with different 
combinations of pressure and temperature at the depressurisation and heating 
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wellbores respectively. The experiment results showed that both increased 
depressurisation and heating led to a greater amount of gas produced. However, a 
production scheme with a higher depressurisation compared to a lower one at the 
same wellbore heating was generally more energy efficient, while higher wellbore 
temperature at the same depressurisation resulted in more gas produced but no 
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1. INTRODUCTION 1 
1 Introduction 
Clathrate hydrates, more commonly referred to as gas hydrates, are solid crystalline 
compounds made up of gaseous and water molecules. Found abundantly in the 
permafrost and in the oceans, they are the largest source of hydrocarbons in the world 
with the potential to provide an enormous amount of natural gas for commercial 
consumption and have been an area of active research in the oil and gas industry since 
the 1930s.  
In this chapter, an introduction to the gas hydrates will be given as well as the 
motivation and scope of this work. Finally, the organization of the thesis will be laid 
out.  
1.1 Background 
Discovered by the English chemist, Sir Humphrey Davy in 1810 (Faraday and Davy, 
1823), natural gas hydrates started playing a significant role in oil and gas research 
when Hammerschmidt (1934) discovered hydrates plugging and blocking fluid flow 
in oil- and gas pipelines, which showed hydrates to be practically important. Since 
then, a considerable amount of research on their physical nature and various 
properties has evolved. Milestones in hydrate studies include: 
- Thermodynamic inhibitors (Hammerschmidt, 1934, Anderson and Prausnitz, 1986) 
which help to prevent hydrate formation in pipelines and industrial equipment,  
- Two-phase hydrate equilibria (Sloan et al., 1987), which provides a better 
understanding of the conditions that gas hydrates are stable compared to the 
1. INTRODUCTION 2 
conditions under which they will decompose back into their constituents of gas and 
water,  
- Calorimetric studies of hydrates (Handa, 1988) which are needed to estimate the 
energy needed for hydrate decomposition,  
- Hydrate formation and decomposition methods (Bishnoi and Natarajan, 1996) and in 
the last two decades, methods to dissociate and produce the gas from hydrates have 
proliferated (Moridis et al., 2009, Schicks et al., 2011) to meet the increasing needs of 
the world’s energy supply.  
Over the past two decades, gas hydrate research and development have become 
national interests in several countries and this is summarized in Table 1-1. Most of 
these countries have gas hydrate reserves surrounding their countries and are 
exploring alternative sources of energy and gearing towards viable and economical 
technologies of producing the gas trapped within the hydrates since gas hydrates may 
constitute a future source of natural gas. In particular, for Japan, which imports 84 per 
cent of her energy, the ability to harness the estimated 39 trillion cubic metres of gas 
from methane hydrates in her surrounding waters- sufficient for 10 years of 
consumption, would be a huge boost for her domestic energy supplies, especially after 
the earthquakes and tsunami of 2011 incapacitated part of their nuclear power plants 
and led the Japanese government to be under intense pressure to develop alternative 
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Table 1-1: International activities on gas hydrate research and development 
(Demirbas, 2010). 








South Korea 2001 
China 2001 
1.2 Structure of Gas Hydrates 
Natural gas hydrates are formed when molecules of water or ice come into contact 
with gas molecules under high pressure- and low temperature conditions. In a typical 
structure of a gas hydrate molecule, the water molecules- often known as the host 
molecules and held together by strong hydrogen bonds- form a cage and encapsulate 
the gas molecules, often referred to as guest molecules. Figure 1.1 shows the structure 
of a gas hydrate molecule. Weak van der Waals’ forces between them stabilize the 
water and gas molecules in the hydrates.  
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Figure 1.1: Structure of a typical gas hydrate molecule, with the larger gas molecules 
encapsulated by the smaller water molecules (modified from Sloan and Koh (2008)).  
Although there are more than 130 compounds that can form clathrate hydrates with 
water molecules, methane hydrates are the most commonly occurring hydrate in 
nature and the amount of methane potentially trapped in methane hydrates may be 
significant. When the cages encapsulating the gas molecules are broken during 
dissociation, each cubic metre of a methane hydrate releases approximately 164 cubic 
metres of methane and 0.8 cubic metres of water (Makogon, 2010) under standard 
temperature- and pressure (STP) conditions. Indeed, in addition to them being 
exceptional gas storage hosts there is an overwhelming abundance of methane 
contained in methane hydrates around the world. Thus, methane hydrates would be 
the focus of research in this work.  
Methane hydrates can be formed when methane gas comes into contact with water in 
the liquid state or gas state as long as the temperature- and pressure conditions are 
suitable, which will be explained in section 1.4. The formation reactions of methane 
hydrate are best represented by Makogon (1997) in the following equations: 
𝐶𝐻! + 𝑛𝐻!𝑂 ↔ 𝐶𝐻!. 𝑛𝐻!𝑂 + Δ𝐻! (1.1) 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	       (methane)  (water)    (methane hydrate) 	  
 𝐶𝐻! + 𝑛𝐻!𝑂 ↔ 𝐶𝐻!. 𝑛𝐻!𝑂 + Δ𝐻! (1.2) 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	       (methane)  (ice)    (methane hydrate) 	  
1. INTRODUCTION 5 
where n is the hydration number, which is the number of water molecules per guest, 
and ranges from 5.77 to 7.4 with n = 6 being the average value corresponding to 
hydrates going into complete hydration (Sloan and Koh, 2007).  
Hydrate formation is an exothermic reaction and releases heat as bonds are formed, 
which are ΔH1 and ΔH2 in the forward reactions of equations (1.1) and (1.2) 
respectively. The backward reaction describes the endothermic dissociation process, 
which absorbs heat to break the hydrogen bonds and weak Van der Waals’ forces. To 
form hydrates between methane gas and liquid water, the enthalpy of fusion, ΔH1, is 
54.2 kJ/mol and that of methane gas and ice, ΔH2, is 18.1 kJ/mol (Carroll, 2009).  
1.3 Classification of Gas Hydrates  
Hydrates can be categorized into various types, classes and structures and these 
differences would result in varying properties between them. The ability to identify 
which categories a particular gas hydrate falls under makes the investigation of their 
properties more straightforward.  
1.3.1 Technical vs Natural Gas Hydrates 
In the context of the petroleum industry, hydrates can be divided into two categories. 
Firstly, there are the technical hydrates, which can spontaneously form in pipelines, 
risers and flow lines. These hydrates clog the equipment and in turn reduce the flow 
rates. It becomes a flow assurance issue and treating it would be costly. On average, 
the petroleum industry spends around one billion US dollars yearly to treat flow 
assurance problems caused by hydrates (Makogon, 2010). The photo on the left of 
Figure 1.2 shows a technical hydrate in a plugged pipeline.  
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Figure 1.2: Photo of a plugged pipeline (adapted from Baker Hughes) (left) and 
natural hydrates discovered by divers in the Gulf of Mexico (right) (adapted from 
NETL).  
Secondly, there are the natural gas hydrates, which can be found both onshore 
(beneath the permafrost, mostly in high latitudes such as the Arctic) and offshore (in 
deep water marine sediments) since these are regions with conditions suitable for 
hydrates to be stable in. It appears that hydrates in nature are visibly ubiquitous, as the 
occurrence of hydrates are probable whenever gas and water molecules contact each 
other at low temperature and elevated pressures (Sloan and Koh, 2007). To date, 
about 97% of natural gas hydrates are located offshore and only 3% onshore.  
As seen in Figure 1.3, hydrates are found in- and around virtually every continent. 
The promising regions are the Nankai Trough in Japan, the Messoyakha field in 
Siberia, Eileen in Alaska, Mallik site in Canada’s Mackenzie Delta and the Tiger 
Shark in the Gulf of Mexico. The largest outcrop of natural gas hydrate documented 
in the Gulf of Mexico, measuring 6 x 2 x 1.5 m- this can be seen on the right photo of 
Figure 1.2.  
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Figure 1.3: Global distribution of gas hydrates (adapted from USGS (2013)). Areas in 
purple are where gas hydrate samples have been taken while areas in red are estimates 
of where they may be.  
1.3.2 Classes of Hydrate Reservoirs 
Natural gas hydrate accumulations can be divided into three common classes, 
according to Moridis and Collett (2004): 
Class 1: hydrate-bearing layer with an underlying two-phase zone which contains 
mobile gas and liquid water. 
Class 2: hydrate-bearing layer with an underlying zone of mobile water. 
Class 3: hydrate-bearing layer with the absence of underlying zones of mobile fluids.  
A schematic of the three main classes are given in Figure 1.4. This simple 
classification is relatively valuable in deciding the choice of production method used.  
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Figure 1.4: Schematic of the three main classes of natural gas hydrates accumulations. 
 
Although there is limited literature available as interest in this area has only recently 
begun, adequate progress has been achieved from numerical studies of various classes 
to recognize that depressurisation is the most appropriate and straightforward method 
suited for Class 1 deposits due to the swift response of the hydrate-bearing layer to the 
propagating pressure wave (Moridis et al., 2007). Additionally, the bottom of the 
hydrate-bearing layer coincides with the bottom of the region in which hydrates 
remain stable in, requiring only minute changes in temperature and pressure to induce 
dissociation (Moridis and Collett, 2003). For Class 2 and 3 deposits, the effectiveness 
of simple depressurisation becomes restricted as the hydrate-bearing layer could be 
entirely within the region in which hydrates remain stable in and thus, the production 
targets are less well defined than for that of Class 1 and a combination of methods 
have to be employed. However, the most desirable hydrate deposits around the world 
such as the Nankai Trough, Mallik site in the Mackenzie Delta and the Eileen in the 
Alaskan North slope exist as Class 3 sediments, which are also known for their high 
hydrate concentration. As such, the focus of this research would be on the Class 3 
hydrate deposits and their production behaviour.  
 











Class 1 Class 2 Class 3 
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1.4 Stability of Gas Hydrates 
Recovering cores from hydrate reservoirs is an expensive and tedious process and the 
hydrates will likely decompose back into its constituents of water and gas if not 
properly stored when they are brought up to the surface, unlike other subsurface 
materials, which do not change in state. It is for this reason that hydrate deposits are 
difficult to study and as a result, artificial hydrates are formed in the laboratory to 
investigate their properties. Thus, one of the most fundamentally important properties 
that need to be understood would be the stability of gas hydrates.    
As mentioned in section 1.3.1, hydrate formation and dissociation are pressure- and 
temperature dependent processes and the stability of gas hydrates is controlled by four 
simultaneous conditions and within one region: presence of gas, water, high pressure 
and low temperature. A phase equilibrium curve, seen in Figure 1.5, separates the 
stable gas hydrates from their decomposed states of water and gas. This phase 
equilibrium curve allows researchers to estimate the pressure- and temperature 
conditions in which hydrates can be formed.   
 
Figure 1.5: A schematic of a phase equilibrium diagram separating the stable hydrates 
from its constituents of gas and water.  
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In the past two decades, only three functions for the phase equilibrium of methane 
hydrates (or the phase boundary) have been established numerically and these are 
shown in Figure 1.6. Numerical results obtained by various codes still show 
discrepancies around the phase boundary conditions (Anderson, 2008), particularly in 
the upper- and lower boundaries.  
 
Figure 1.6: Functions for the phase equilibria of methane hydrates established over 
the past two decades by Kwon et al. (2008), Selim and Sloan (1989) and Makogon 
(1997).  
Experimentally, only discrete points on the phase equilibrium curve have been 
determined, some of which are presented in Figure 1.7. However, there have not been 
experiments conducted to find a continuous range of data for the phase equilibrium 
curve, which might be more succinct than locating individual points.  
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Figure 1.7: Discrete phase equilibria data points for methane hydrates in purewater. 
Data obtained from Deaton and Frost Jr (1946), McLeod Jr and Campbell (1961), 
Jhaveri and Robinson (1965), Galloway et al. (1970), Verma (1974), De Roo et al. 
(1983) and Mohammadi et al. (2005).  
The numerical functions describing the phase boundary and the discrete equilibrium 
points that have hitherto been discussed are all for methane hydrates formed in 
purewater. Few studies have been conducted on hydrates formed in seawater, which 
are no doubt equally as important as methane hydrates are almost always found in 
oceanic conditions. As seen in Figure 1.8, the available data on methane hydrates 
formed in seawater are limited and confined to a pressure range of less than 10 MPa. 
A wider range of pressure- and temperature conditions for methane hydrates formed 
in seawater would be necessary for determining their stability zone.  
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Figure 1.8: Discrete phase equilibria points and numerical models for methane 
hydrates formed in seawater (Dickens and Quinby-Hunt, 1994, De Roo et al., 1983, 
Duan and Sun, 2006, Maekawa, 2001).  
1.4.1 Stability regions for onshore- and offshore hydrates 
The different stability regions for onshore- and offshore gas hydrates can be observed 
in Figure 1.9. Although the figure depicts a much greater depth of below 1200 metres 
where hydrates can be stable, in offshore environments, hydrates are generally stable 
in water depths greater than 600 metres, subjected to seafloor temperatures and 
compositions of gas (Milkov and Sassen, 2002). In the Arctic regions, where 
temperatures can reach as low as -1.7°C, hydrates can be found in shallower depths of 
around 250 metres.  
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Figure 1.9: Stability of gas hydrate occurrence zones onshore (above) and in deep 
ocean sediments (bottom) (Kvenvolden, 1988). 
The thickness of a hydrate deposit can reach 400 to 800 metres (Makogon, 2010), 
although it is highly probable that only less than 5 per cent of these hydrate deposits 
contain gas hydrates at saturations of between 40 to 80 per cent, which is the amount 
of hydrates compared to the total pore volume. In the case of Nankai Trough, out of 
505 metres of overall thickness, only 17 metres contain hydrates of satisfactory 
saturations of between 40 to 80 per cent. 
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Figure 1.10: Stability conditions for gas hydrate deposits worldwide with various gas 
composition (Makogon, 2010). 
The pressure- and temperature conditions of offshore hydrate deposits worldwide are 
shown in Figure 1.10. Most of the offshore hydrate deposits are predominantly in the 
supercooled state- where the temperature of the hydrate-saturated layers is markedly 
lower than the equilibrium conditions. As they are well within the hydrate stability 
zones, dissociating them would be challenging, which can be carried out using a few 
methods described in the following section.  
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1.4.2 Hydrate Dissociation Mechanisms 
To dissociate hydrates, they need to move out of the stability region and this can be 
done by the four mechanisms described in Figure 1.11.  
 
Figure 1.11: Hydrate dissociation mechanisms - the addition of chemical inhibitors, 
thermal stimulation, depressurisation or a combination. 
Thermal stimulation is where external heat is supplied to increase the temperature 
such that it moves out of the stability region. Depressurisation involves lowering the 
pressure in the hydrate-bearing layer out of the stability zone. The injection of 
chemical inhibitors such as methanol, glycol or salts shifts the equilibrium curve to 
the left and enables destabilization to take place easily. Alternatively, a combination 
of methods can be used. The ability to determine the most suitable dissociation 
mechanism for a particular reservoir would increase the effectiveness of producing 
the gas. Although studies are currently ongoing around the world and it is concluded 
in tests in Mallik that depressurisation is the most suitable approach (Hancock et al., 
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2005), previous experimental studies carried out in the National University of 
Singapore (NUS) suggests otherwise, as will be elaborated in section 1.6. 
1.5 Hydrates as an Energy Source 
Due to the attractive nature of methane hydrates which has a very high concentration 
of methane gas (when one cubic metres of hydrate is decomposed at STP, about 164 
cubic metres of methane gas will be released), the question of harnessing the untapped 
energy in natural gas hydrates has been ever more intense in recent years and has been 
the driving force of significant research studies. The attractiveness of gas hydrates is 
further enhanced by the environmental benefit of using natural gas as a fuel. When 
dissociated, the hydrate burns stealthily, as seen in Figure 1.12, until all the methane 
gas trapped within has been used up.  
	   	  
Figure 1.12: The first burning hydrate in NUS. Also known as “burning ice”, hydrate 
burns stealthily until all the methane gas trapped within has been used up. 
Though there has never been universally agreed estimates of the in-place amounts of 
gas trapped within hydrates, the general consensus of researchers in both the eastern 
(Makogon, 1988, Makogon et al., 2007) and western (Klauda and Sandler, 2005, 
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Moridis et al., 2009) hemispheres is that the worldwide amount of contained gas in 
gas hydrates is vast, and may surpass the total conventional gas reserve/organic 
carbon combined by an order of magnitude. At present, estimates of the total amount 
of hydrated gas range between 2.5 x 1015 (Milkov, 2004) to 120 x 1015 cubic metres 
(Klauda and Sandler, 2005) at STP and even the most conservative estimates may 
surpass the combined fossil fuel available in the world by a factor of two (Sloan and 
Koh, 2007). With annual consumption of gas in the world of around 0.3 x 1014 cubic 
metres (BP, 2012), the amount of gas contained within hydrates can in principle 
sustain human needs for 4000 years.  
As such, the potential of gas hydrates as a substantial future energy resource cannot 
be underestimated and this can also be seen in the changing paradigm worldwide from 
the assessment of global amounts to production methods. The current challenge is to 
find safe, economical and efficient ways to develop it.  
1.6 Gas Production of Methane Hydrates 
Till date, there has been no commercial production of gas from methane hydrates as 
research worldwide is still ongoing to find an efficient and economically feasible 
development of them. All the production tests carried out have either been 
experimental or research-based. The first large-scale production tests have been 
conducted onshore at the Mallik in Canada’s Mackenzie Delta in 2002 (Hancock et 
al., 2005), where hydrates were dissociated by thermal stimulation of hot water 
(70°C). Only modest gas flow was achieved. In the second production tests carried 
out in 2008, the pressure of the hydrate-bearing layer was lowered using a perforated 
casing. Figure 1.13 shows the depressurisation process at Mallik, where water was 
pumped out to depressurise the system. Hydrate then dissociated and methane gas 
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flowed out through the well. Production lasted for seven days with sustained gas flow 
to the surface. It was concluded then that depressurisation alone is a more efficient 
method of production.  
 
Figure 1.13: Schematic of the second production test at the Mallik field. Hydrate 
dissociation was carried out by depressurisation. Water is pumped out to depressurise 
the system (adapted from MH21). 
The most recent production tests were carried out in Nankai Trough, Japan in March 
2013 and are the world’s first offshore production test (UpstreamOnline, 2013). As 
the tests have only concluded recently, information surrounding them is currently 
unavailable except that hydrates were dissociated by depressurisation in 40-metre 
zone in a radial manner, as depicted in Figure 1.14. With the conclusion of this 
production test, Japan is targeting its first commercial production of methane hydrates 
in 2018. If these deposits can be successfully tapped into, methane hydrates could 
certainly be an energy game changer. However, much still needs to be done before the 
world can confidently turn to methane hydrates for commercial use.  
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Figure 1.14: Layout of the production tests in Nankai Trough, Japan (adapted from 
JOGMEC). 
1.7 Objective and Scope of Study 
Thus far, the various challenges and potential of natural gas hydrates in the world 
have been addressed. With the world’s energy supply fast running out, it is pivotal 
that alternative sources of energy are made available and one of them is be the 
untapped reserves found in gas hydrates.  
At the National University of Singapore, research on the gas production of methane 
hydrates started in 2008 to join in the worldwide efforts working on new technologies 
and methodologies to produce natural gas from methane hydrate deposits. Over the 
past few years, a state-of-the-art pressure rig has been built and commissioned to 
facilitate tests on artificially formed hydrate samples in a single wellbore system. 
Contrary to the conclusion from the Mallik production tests that depressurisation is 
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the most efficient method of extracting gas, it has been suggested from experimental 
and numerical tests conducted in collaboration with Cambridge University that a 
combination of depressurisation and heating is a more efficient production scheme 
(Falser et al., 2012d).   
However, one shortcoming of the existing production scheme is that as a single 
wellbore carrying out both depressurisation and heating concurrently, the heat 
supplied to the dissociation zone has to overcome the forced convection caused by the 
fluid flowing back to the wellbore. If the forced convection could be turned into an 
advantage instead, it could improve the heat transfer of the dissociating region. 
Therefore, it is proposed that dissociation by depressurisation and heating be 
separated into different wellbores and in doing so, the forced convection through the 
pore fluid could be employed to supply energy into the dissociating region and in turn 
improve the efficiency of gas production.  
Thus, the objective of this thesis is to determine the feasibility of improving gas 
production from methane hydrates using a dual wellbore system with simultaneous 
depressurisation and heating. The scope of the thesis are identified as follows:  
• Modification of the existing hydrate testing rig in the laboratory to incorporate 
dual wellbores instead of the single wellbore previously in place.  
• Development of a novel method of determining the phase boundary, an 
essential physical property of methane hydrates, instead of finding discrete 
equilibrium points.  
• Determination of phase boundaries for both purewater- and seawater methane 
hydrates for a pressure range of 2 MPa to 17 MPa. At present, available data 
for phase boundary in both purewater and seawater are few and either do not 
cover a wide range or had impurities added into the hydrates. With 1 MPa 
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approximately representing 100 metres of depth, the pressure range covered is 
believed to be representative of conditions found in methane hydrate zones in 
permafrost (down to 1100 m) and in marine sediments (down to 1500 m). 
Having an accurate phase boundary is essential to assess the stability 
conditions of methane hydrates and in turn aid in the gas production 
experiments.     
• Determine if gas production of methane hydrates using a dual wellbore system 
is more energy-efficient compared to a single wellbore system. Comparison of 
efficiency and recovery of gas will also be made between purewater- and 
seawater methane hydrates.  
The preceding sections in Chapter 1 presented a brief discussion on gas hydrates and 
the elevated interest in them in the last couple of decades.  
Chapter 2 describes the existing hydrate testing rig in the laboratory at the National 
University of Singapore and the modifications carried out on it for the purpose of this 
study. 
Chapter 3 contains the experimental work carried out to determine the phase 
boundaries of both purewater- and seawater methane hydrates using a novel method 
of dissociating along the phase boundary as well as the significant findings and the 
development of empirical equations to describe the phase boundaries. 
Chapter 4 details the experimental work to produce gas in a dual wellbore system at 
various production pressure and heating temperatures. Both purewater- and seawater 
methane hydrates are tested.  
Chapter 5 concludes this thesis and discusses the recommendations for the future of 
this research work.  
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2 Experimental Setup  
2.1 Introduction 
Since its inception as a worthwhile research area in the early 20th century, apparatus 
used for the measurement of hydrate properties have been constantly evolving over 
the years. Deaton and Frost’s hydrate formation equilibrium cell (1946)became the 
prototype for many others. Figure 2.1(a) shows the basic cell for hydrate formation 
with the minimal thermocouples and pressure gauges placed throughout the setup to 
monitor the internal temperature and –pressure respectively while Figure 2.1(b) 
illustrates a rocking cell to provide vigorous shaking during the experimental run. It is 
later modified by Katz (1959) to include a glass-viewing panel in the apparatus to 
allow the visual observation of the hydrate formation and dissociation processes. 
However, the rupture of the sight glass in the mid-1940s caused the death of a hydrate 
researcher. Soon after, metal apparatuses were adopted for high-pressure formation.      
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Figure 2.1 (a): Initial hydrate formation equilibrium cell and (b) Rocking cell for 
hydrate equilibrium (Deaton and Frost Jr, 1946).  
High pressure studies made by Nagata and Kobayashi (1966) and Galloway et al. 
(1970) led to the development of a high pressure stainless steel cylinder which could 
be rotated about its axis. Galloway installed steel balls within the cylinder to renew 
the surface area and bring about the conversion of all water to hydrate. Since then, 
evolutions on hydrate testing apparatuses have been evolving to enable more 
sophisticated experiments to be carried out.  
Since the large-scale gas production tests from hydrate deposits at the site which 
lasted seven days in 2008 (Hancock et al., 2005), the most recent production tests 
were carried out in Nankai Trough, Japan, in March 2013 (UpstreamOnline, 2013) for 
a production period of 14 days and proved to be promising in gearing towards the 
world’s first commercial production of methane hydrates.  
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The properties of gas hydrates are being studied experimentally either by recovering 
hydrate-bearing cores or by artificially forming hydrates in the laboratory. As the use 
of recovered hydrate cores have led to unavoidable disturbances of the sample 
(Kneafsey et al., 2011), dissociation experiments are thus mainly carried out on 
artificial hydrates formed in the laboratory.  
Worldwide, the main laboratories that are presently running dissociation tests are the 
Japanese Advanced Industrial Science and Technology (AIST) laboratory in Sapporo 
and Tsukuba which performs axial dissociation tests on three setups with diameter x 
length of 30 x 120 mm, 50 x 150 mm and 50 x 500 mm hydrate samples (Oyama et 
al., 2009, Ebinuma et al., 2008, Kawamura et al., 2010), the Lawrence Berkeley 
laboratory where 76 x 267 mm hydrate samples are dissociated axially from an end-
cap and radially from the outer surface (Seol and Kneafsey, 2009), the Guangzhou 
Gas Hydrate Research Laboratory which facilitates axial dissociation experiments of 
38 x 500 mm samples (Tang et al., 2005) and the Columbia University, which carries 
out carbon dioxide-replacement experiments on 305 x 914 mm hydrate samples (Zhou 
et al., 2009). All of the above apparatuses carry out linear dissociation tests on hydrate 
samples, and mostly with exceptionally small diameters, which makes it difficult to 
study the genuine dissociation behaviour as the temperature flux from the outer 
boundary distorts the heat regime within the sample (Falser et al., 2012c).  
It is only at the Beijing University of Petroleum, the University of Potsdam and more 
recently, at the National University of Singapore where radial dissociation is being 
carried out on hydrate samples, which is the dissociation option most favoured. 
Compared to axial dissociation, radial dissociation minimizes the influence of the 
boundary conditions on the wall. At present, the German Research Centre for 
Geosciences in Potsdam has the largest hydrate testing apparatus, with a large 
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reservoir simulator (LARS) with an internal volume of 425 litres planned for pilot 
plant scale tests on production of hydrates and CH4-CO2 exchange (Beeskow-Strauch 
et al., 2013, Schicks et al., 2013). However, the setups described above carry out 
dissociation solely by depressurisation. 
2.2 NUS Hydrate Testing Rig 
The hydrate testing rig at the National University of Singapore (NUS) was designed 
and built in 2010 and is the first methane hydrate apparatus worldwide which allows 
dissociation by a combination of depressurisation and electrical heating in the same 
wellbore (Falser et al., 2012c). In the initial setup, the dissociation process was carried 
out from a single wellbore at the cylindrical axis of the vessel. With a wellbore in 
place, line dissociation (dissociation radially along the centralised rod) was carried 
out. A major advantage of line dissociation is that the results are pertinent to two 
varying field applications- gas production from vertical wellbores and also to site 
investigation of hydrate sediments by a downhole probe. The alternative of carrying 
out point dissociation by heating with a cone-tip instead was not used, as the spherical 
dissociation would become a three-dimensional problem. 
In this research work, the testing apparatus was modified to incorporate two 
wellbores- one of which is for electrical heating and another for production. As 
described in Chapter 1, the purpose of separating the dissociation mechanism into 
separate wellbores is to make use of the forced convection through the pore fluid to 
increase the energy supply into the dissociation zone. This extends the previous work 
on gas production in a single wellbore and investigates how convection can be 
improved in a dual wellbore production scheme. Figure 2.2 and Figure 2.3 show the 
overview and schematic of the modified hydrate rig. A detailed description of the 
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hydrate testing rig at NUS can be found in Falser et al. (2012c), but the main 
components along with the modifications done to the rig will be explained in the 
following sections. 
	   	  
 
Figure 2.2: The NUS hydrate testing rig built and commissioned in 2010. The figure 
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2.3 Internal Components 
2.3.1 Pressure Vessel 
The central piece of apparatus is the stainless steel (SS316) pressure vessel which 
hydrate-bearing sediments were formed in. Structural integrity and leak-tightness 
were crucial due to the use of flammable gas and high pressure and the flange 
thickness was designed using the ASME 2007-VIII code. With an internal diameter 
and height of 180 mm and 220 mm respectively, it has a capacity of 5.7 litres (0.0057 
m3). The vessel has a design pressure of 15 MPa and a design temperature operating 
range of -5 to 60°C. Figure 2.4 is a cross-section of the modified pressure vessel, 
incorporating the heating wellbore on the left and the depressurising wellbore, which 
is also the production wellbore, on the right.  
2. EXPERIMENTAL SETUP 28 
 
Figure 2.4: Cross section of the pressure vessel modified to incorporate dual 
wellbores. 
To prevent sand from leaking out of the pressure vessel, a 30-mm porous stone is 
embedded between the flange and the top of the sample, in addition to a rubber ring 
around the piston plate supporting the dual wellbores.  
2.3.2 Wellbores 
As a combination of depressurisation and electrical heating is used on separate 
wellbores, Figure 2.5 shows the two pipes of diameter 10 mm used in the pressure 
vessel. As shown in Figure 2.4, the wellbores are 60 mm apart.  
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Figure 2.5: The heating wellbore (top) and the production wellbore (bottom) used to 
dissociate the hydrates. 
The heating wellbore is used to carry out electrical heating to dissociate the hydrates. 
Heat is supplied to this wellbore through a Nichrome 240 Ω resistivity-heating rod in 
the wellbore. The temperature is regulated by a solid state relay and runs on a 60 V 
DC current, which allows temperatures of up to 60°C to be reached.  
The production wellbore contains perforations 1mm in diameter, which are evenly 
spaced at 10 mm apart throughout its length. During production, pore fluids are 
removed through the perforations and a fine copper mesh wrapped around the 
production wellbore prevents sand from entering the perforations.  
The dual wellbores are threaded into a piston plate, which is supported by a tripod, 
shown in Figure 2.6. A flexible high-pressure hose connects from the production 
wellbore to the bottom of the pressure vessel where the produced water and gas will 
flow through.  
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Figure 2.6: The piston plate being supported by a tripod leg above the lower flange of 
the pressure vessel. The flexible hose connects from the production wellbore to the 
bottom of the vessel. 
2.3.3 Thermocouples and Pressure Gauges  
To monitor the temperature changes during testing, six k-type thermocouples are 
positioned in various locations of the pressure vessel. As the two wellbores are no 
longer in the cylindrical axis, the challenge is to find the ideal radial points to place 
the thermocouples in a way that manages to capture the temperature changes due to 
the combined effects of heat and depressurisation on the separate wellbores. As such, 
a thermocouple is placed on each of the wellbore and the other four are spaced out in 
the vicinity between the two wellbores in order to lie between the different possible 
isotherms that could develop during dissociation. All the thermocouples are being 
placed in the same radial plane slightly halfway from the bottom of the pressure 
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vessel. Table 2-1 and Figure 2.7 show the location of the thermocouples within the 
sample.   
Table 2-1: Coordinates of the location of thermocouples embedded in the sample. 
	  
Thermocouple Coordinates (x,y) 
T1 (-3, 0)  
(at heating wellbore) 
T2 (3, 0)  
(at production wellbore) 
T3 (-5, 1.5) 
T4 (1, 3) 
T5 (0, 5.5) 
T6 (14, 4) 
 
 
Figure 2.7: Location of the thermocouples inside the pressure vessel, marked with a 
yellow ‘x’.  
 
2. EXPERIMENTAL SETUP 32 
To monitor the pressure of the system during the setup and the throughout the 
experiment, pressure gauges are located at the top of the vessel at the T-junction and 
at the side of the vessel, as seen in Figure 2.4.  
2.4 External Components  
2.4.1 Gas Supply 
In the gas supply system, methane and nitrogen gas are stored at 20 MPa in 65-litre 
standard cylinders and enclosed in a flammable box. Nitrogen gas is used prior to the 
actual hydrate testing to test for gas leaks along the gas pipes. To achieve a good 
control of the gas pressures supplied to the pressure vessel, pressurized air valves 
(PAVs) are used.  
2.4.2 Cooling System  
Throughout the test, the temperature is kept constant by the circulation of 
monopropylene glycol around the vessel walls and an air-conditioned enclosure 
around the pressure vessel (Figure 2.2). The temperature of the monopropylene glycol 
is controlled and changed by the water bath (MRC WBL-200), seen in Figure 2.8, 
with a capacity of 19.4 litres and a maximum fluid-circulation rate of 27 litres/min. 
With a temperature range of -30˚C to 100˚C, it runs on a PID temperature control and 
a PT-100Ω temperature sensor. The air-conditioning system works with a cooling 
capacity of 3.5 kW and has an open type compressor, a 500 kg evaporator, a 750 kg 
water condenser and a 1000 kg cooling tower. All of these are necessary to ensure that 
the temperature of the hydrate sample during testing will not be affected by external 
heat fluxes.  
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Figure 2.8: Water-bath circulating monopropylene glycol around the pressure vessel 
to regulate the temperature during testing. 
2.4.3 Pressure Regulator 
During the production test, where the wellbore pressure is reduced to its production 
pressure, it is crucial that the pressure can be kept constant over the duration of 
production. A spring-loaded backpressure regulator, the green cylindrical knob beside 
the pressure gauge in Figure 2.9, placed outside the pressure vessel enables that 
possibility.  
 
Figure 2.9: Backpressure regulator used to control the wellbore pressure (adapted 
from Falser (2012)). 
Used alongside a pressure gauge, the pressure is reduced by turning the knob on the 
regulator until the required pressure is reached. If the pressure on the upstream end 
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(i.e. from the production wellbore) is above the set pressure, the pore fluid is able to 
pass through the regulator until the system is in equilibrium.  
However, it should be noted that the integrity of the regulator is compromised when 
sand begins to clog around the O-ring, which causes the pressure can leak. Thus, it is 
necessary to thoroughly clean the regulator after each test.  
2.4.4 Measurement of Produced Gas 
To quantify the amount gas produced during dissociation, the volume of gas produced 
has to be measured. This is done by a water-displacement unit that is connected to the 
pressure vessel. A cylindrical tank of height 2.5 metres and diameter 30 cm is 
completely filled with water before the gas is allowed to enter through the inlet at the 
top (see Figure 2.10). The gas and water that are produced from the wellbore first pass 
through a gravity separator, which retains the pore fluid. The gas then enters the tank 
at the inlet and displaces the water and the water collected at the outlet is measured on 
a balance.  
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Figure 2.10: Schematic of the water displacement unit used to quantify the amount of 
produced gas (adapted from Falser (2012)).  
For this given displacement unit, the gas volume can be calculated by equation (2.1): 
 ( )0.0134* 2.0218gas w wV V V= +  (2.1) 
Where Vgas   is the volume of gas dissociated from the hydrate samples [SL] 
  Vwater   is the volume of water displaced [SL] 
 
Upon the completion of an experiment, the extracted methane gas trapped in the tank 
is released into the environment while the water is being replaced in preparation for 
the next run.  
2.4.5 Data Acquisition System 
The various data acquired from the pressure gauges and thermocouples during the 
experiment are linked to a National Instruments NI-CR10-9074 data logger. This 400 
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MHz data–logger captured data on a real-time basis and consisted of the following 
modules: 
Table 2-2: Modules of data logger  
Module Code Function 
NI 9474 A digital output module to operate and control valves 
NI9203 An analogue 4-20 mA input module for pressure transducer 
NI 9213 A module for thermocouple 
NI 9263 A module for heat control 
 
The commercial software LabVIEW 9.1 is used in the management and control of the 











3. METHANE HYDRATE PHASE EQUILIBRIA 37 
3 Methane Hydrate Phase Equilibria  
3.1 Introduction  
As described in Chapter 1, methane hydrates make up the vast majority of hydrates in 
nature. There are many properties of hydrate-bearing sediments that are currently 
being studied and some of these include the thermal properties, permeability, 
electrical conductivity and permittivity, elastic P- and S wave velocities, shear 
strength and volume changes resulting from hydrate dissociation. The 
interdependencies of the various properties are critically essential in predicting and 
quantifying responses of hydrate-bearing sediments to mechanical-, thermal- or 
chemical boundary conditions changes and they can be used to optimise recovery 
techniques for extracting methane from hydrate-bearing sediments or sequestering 
carbon dioxide in gas hydrates (Waite et al., 2009).  
An important property of methane hydrates that was explored in this study is the 
phase boundary of methane hydrates. The phase boundary separates the conditions of 
pressure and temperature in which a gas hydrate can exist in a stable form from the 
conditions in which it will be dissociated back into water and gas. Accurate phase 
boundaries are essential in both experimental and numerical studies on the properties 
of gas hydrate-bearing sediment. Hydrates are encountered from the seabed until 
depths of down to several hundred metres and as they are meta-stable, they dissociate 
back to their constituents of gas and water if their high pressure- and low temperature 
stability conditions are disturbed. This dissociation may weaken seabed severely and 
pose geohazard risks. In particular, if the hydrate layer happens to be on a sloped 
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seabed, uncontrolled dissociation will cause the soil layer to lose its shear strength and 
it will begin to slide. Therefore, it is important to know accurately the local pressure- 
and temperature condition at which dissociation is taking place. In this region, seabed 
hydrates have been encountered at offshore Sabah, Malaysia, where hydrates 
jeopardised cementing operations when they began to dissociate due to the cement’s 
hydrate heat (Kenneth et al., 2004). A phase boundary for hydrates formed in 
seawater would enable the development of engineering solutions for safer operations 
carried out in hydrate-bearing seabed where pressure-temperature conditions are close 
to the phase boundary.  
Previous studies on the phase boundary of methane hydrate in seawater have been 
conducted to establish the fundamental conditions under which methane hydrate 
remains stable in an oceanic environment. However, a limited range of pressure 
conditions were covered in these studies, mainly between 3 MPa and 10 MPa 
(Dickens and Quinby-Hunt, 1994), or else had ethylene glycol (Mohammadi and 
Richon, 2009) in the aqueous solution, which results in a shift in the phase boundary 
of methane hydrates and thus provides an inaccurate assessment of the actual phase 
boundary under seawater conditions. Although experimental studies by Jager and 
Sloan (2001) have provided pressure and temperature equilibrium data of up to 70 
MPa, the salt content found in the solution had a concentration of 6 to 26 wt%, which 
is markedly higher than the average salt content of seawater, which typically lies 
between 3 to 4 wt% (Perlman, 2013, Anthoni, 2006). The salt content in seawater 
might result in slower formation of hydrates and alter the phase boundary, as the 
stronger bonds of water with salt ions tend to inhibit hydrate formation. In Sloan and 
Koh (2007), it is noted that another secondary effect of having a salt content is a 
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decrease in the solubility of potential hydrate guest molecules in water, known as 
“salting-out”.  
The objective of this chapter is thus to determine the methane hydrate phase boundary 
for pressures of up to 17 MPa in purewater and seawater. This pressure range is 
believed to be representative of conditions found in methane hydrate zones in 
permafrost (down to 1100 m) and in marine sediments (down to 1500 m) 
(Kvenvolden, 1988, Moridis, 2010). A novel method to determine the phase boundary 
of methane hydrates through controlled depressurisation is presented in this chapter 




Experiments were carried out on an existing methane hydrate setup in the NUS 
laboratory, similar to the experimental setup detailed in Chapter 2 except for a few 
key differences, which will be highlighted in this section. Essentially, the single 
wellbore system was used to form the cylindrical sand samples with a diameter of 180 
mm and an internal height of 225 mm.  This was so as only depressurisation was 
carried out to obtain the phase boundaries and a single wellbore in the cylindrical axis 
allowed uniform dissociation radially. Another difference from the setup described in 
Chapter 2 was the location of the thermocouples. Figure 3.1 shows a cross section of 
the sample. A pore pressure range of up to 17 MPa was utilised to study the phase 
boundary.  
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Figure 3.1: Cross section of the hydrate-bearing sediment with labelled thermocouples 
inside the pressure vessel around the single wellbore in the cylindrical axis. 
The temperature and pressure histories during the experiments were measured using 
six k-type thermocouples (listed in Table 3-1) and pressure transducers located at the 
top of the vessel. The temperature of the samples was regulated by a combination of 
monopropylene glycol circulated through a cooling jacket around the pressure vessel 
and an air-conditioned enclosure in which the pressure vessel was set up in.  
Table 3-1: Locations of the thermocouples within the tested samples. 
Thermocouple T1 T2 T3 T4 T5 T6 
Radial distance 
from centre of 
wellbore [mm] 
5 (at wellbore) 20 35 50 70 90 (at the wall) 
 
3.2.2 Hydrate Formation 
Natural gas hydrates have been studied in different ways, by downhole testing on site 
(Falser et al., 2012b), by recovering and analysing cores from these locations 
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(Schultheiss et al., 2009), or by artificially forming hydrate-bearing sediments in the 
laboratory (Linga et al., 2009a, Linga et al., 2009b, Haligva et al., 2010, Kneafsey et 
al., 2007). In situ testing requires drilling operations and detailed data acquisition in 
remote locations and is therefore hugely expensive. Because of the pressure and 
temperature stability conditions, cores containing hydrates are almost impossible to 
recover without a significant degree of disturbance to the sample, (Kneafsey et al., 
2011, Kneafsey et al., 2007) and heterogeneities complicate their analysis further. On 
the other hand, testing hydrate samples formed artificially enables an analysis on 
homogeneous samples with known properties in controlled conditions. 
In this study, hydrates were artificially formed in Toyoura silica sand, with a particle 
diameter of 0.1 - 0.3 mm. In order to maximize the range of pressure that can be 
achieved during dissociation to obtain the phase boundary, they were formed at a 
pressure of around 17 MPa, which is near the maximum design pressure of the 
pressure vessel and at a temperature of around 1ºC into the stable region. The hydrates 
are later dissociated in a controlled manner in order to determine the phase boundary. 
Two different sets of tests were carried out for the formation and dissociation of 
methane hydrates in freshwater and seawater. The composition of the seawater used is 
1.67 wt-% sodium chloride and 0.25 wt-% sodium sulphate, similar to the salt content 
of seawaters around the world (Anthoni, 2006).  
Purewater- and seawater hydrates were formed by the water excess method, in which 
a known amount of introduced gas determines the hydrate saturation after its complete 
reaction with the unlimited pore water (Falser, 2012). In this method, sand was 
compacted into the pressure vessel, and a vertical effective stress of around 2.4 MPa 
was applied. The sample was next pressurized with methane up to a pressure which 
corresponded to the saturation of hydrate when all the gas was converted to hydrates. 
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The pressure was then increased to around 15 MPa by injecting water, while the 
temperature was lowered and maintained at 3°C using the water bath. The methane 
gas and water inlets are shown in Figure 2.4. During the hydrate formation process, 
the pressure was maintained constant by intermittent water injections. This method 
resulted in pore-filling, fully water-saturated hydrate samples (Priest et al., 2009) a 
composition close to most hydrates found in nature.  
The pressure of methane, PCH4, that was required to obtain the saturation of 0.4 
(methane hydrates filling 40% of the pore volume) is calculated using the Peng-
Robinson equation of state (1976): 
𝑃!"! =    𝑅𝑇𝑉! − 𝑏 − 𝑎𝛼𝑉!! + 2𝑏𝑉! − 𝑏!	    (3.1)	  
 
where (Setzmann and Wagner, 1991, Lin and Chao, 1984): 
                          𝑎 = 0.45724𝑅!𝑇!!𝑃!                             𝑏 = 0.07780𝑅𝑇!𝑃!                             𝛼 = 1+ 0.37464+ 1.54226𝜔 − 0.26992𝜔! 1− 𝑇!!.! !                            𝑇! = 𝑇𝑇!                      ;             𝑉! = 𝑉!𝑛!!! 
PCH4 is the pressure of methane gas required [MPa] 
R  is the universal gas constant (8.314x 106 m3MPa/(mol K)) 
T  is the actual temperature inside the sample [K] 
Tc  is the critical temperature of methane (190.6 K) 
Pc  is the critical pressure of methane (4.656 MPa) 
ω  is the acentric factor of methane (0.0108) 
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Vp  is the pore volume [m3] 
nCH4 is the number of moles of methane [-] 
3.2.3 Dissociation along the phase boundary method  
The principle of the dissociation process adopted in this study is depressurisation 
along the methane hydrate phase boundary. Hydrates have been formed in the manner 
discussed in the previous section. Thereafter, the temperature was increased to a point 
near the phase boundary at constant pressure by increasing the temperature of the 
water bath, shown by the transition from Points 1 to 2 on the hypothetical phase 
boundary in Figure 3.2. It is noted that at this temperature, hydrates are still in the 
stable region and hence there was no dissociation observed during this step. For both 
the purewater and seawater experiments, the highest initial temperature chosen was 
290 K. Any temperature higher would result in premature dissociation, as it would be 
out of the stability region. The system was then depressurised by carefully draining 
out the pore water using needle valve connected to the bottom of the depressurisation 
wellbore as shown in Figure 2.4, during which the temperature remained unchanged 
(Points 2-3) until the onset of the dissociation process started. The pressure at which 
the temperature began to decrease marked the start of the dissociation process. The 
temperature data in the phase boundary is that of thermocouple T1 during 
dissociation, which is the wellbore temperature.  
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Figure 3.2: Schematic showing the various stages of the dissociation along the phase 
boundary.  
Concurrently, the dissociated gas was collected, signifying hydrate dissociation. The 
dissociation temperature decreased with decreasing pressure (as can be seen between 
Points 3-4), and therefore the depressurisation rate must be controlled carefully. Upon 
the completion of dissociation, the pressure-temperature began to taper off (Point 5) 
from the exponential curve, where temperature now increases instead of decreases 
with decreasing pressure. The entire procedure is then repeated to obtain another 
segment in the phase boundary. The mechanism underlying this principle will be 
discussed in section 3.5. 
3.2.4 Sample Properties 
With the dissociation method described above, five different tests were carried out- 
two for purewater hydrates and three of which for seawater hydrates. Table 3-2 gives 
an overview of the boundary conditions of the individual tests.   
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Table 3-2: Sample properties and testing boundary conditions. 
Test 1(fresh) 2 (fresh) 3 (saline) 4 (saline) 5 (saline) 
Initial temperature T0 [K] 283.7 290.4 289.4 285.5 280.7 
Initial pressure P0 [MPa] 14.6 15.0 15.8 16.4 15.7 
Hydrate saturation Sh [-] 40% 40% 42% 40% 40% 
Porosity n [-] 0.40 0.39 0.38 0.40 0.40 
Effective stress σ’ [MPa] 0 2.4 2.4 2.4 2.4 
Sample Volume [dm3] 5.52 5.75 5.75 5.75 5.65 
Depressurisation rate 
[MPa/min] 
1.1 0.8 - 2 1.5 2.2 3.5 
Pore-water salinity [%] 0.0093 0.0093 3.03 3.03 3.03 
 
Using Test 1 as the representative case, the temperature was increased to 284 K and 
the pressure was vented to 8 MPa. Following that, dissociation began as the pressure 
was carefully released by the needle valve. As dissociation is an endothermic process, 
temperature decreases as well while the pressure drops. The temperature- and pressure 
conditions were closely monitored. After 20 minutes of depressurisation, the 
temperature tapered off at 2.4 MPa, signifying the end of the dissociation process. 
Figure 3.3 shows the phase boundary obtained in the representative test, which, in one 
single run, covered the pressure range of 2.4 MPa to 8 MPa.  
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Figure 3.3: Pressure- Temperature history of a representative test, providing the lower 
boundary for the phase equilibria data.  
3.3 Phase Boundary for Purewater Methane Hydrates 
With the dissociation procedure as described in section 3.2.3, two sets of dissociation 
experiments of methane hydrates in porous media formed in purewater. A phase 
boundary covering the pressure- and temperature ranges of 2 MPa to 17 MPa and 273 
K to 290 K respectively was obtained, and is shown in Figure 3.4: 



















Test 1- Representative test
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Figure 3.4: Methane hydrate dissociation experiments in freshwater over a pressure 
range of 3.5 – 17.9 MPa (Test 2), 2.3 – 8 MPa (Test 1) and a temperature range of 272 
– 290 K. 
From the obtained experimental phase boundary data, the following empirical phase 
boundary equation for methane hydrate in porous media was found: 
 
𝑃!" = 1 + 1.66  exp(0.1342𝑇!")	   (3.2) 
 
where the temperature Teq and the pressure Peq are expressed in ºC and MPa 
respectively. The data fit of the empirical equation (3.2) is also presented in Figure 
3.4 and it fits the experimental phase boundary well.  

















Test 1 (experimental data, freshwater)
Test 2 (experimental data, freshwater)
Predicted line (equation 3.2)
3. METHANE HYDRATE PHASE EQUILIBRIA 48 
3.4 Phase Boundary for Seawater Methane Hydrates 
Similarly, dissociation experiments of methane hydrates in seawater led to a phase 
boundary covering pressure- and temperature ranges of 6 MPa to 18 MPa and 273 to 
289 K respectively, as shown in Figure 3.5: 
 
Figure 3.5: Methane hydrate dissociation experiments in seawater (3.03 wt-% NaCl) 
over a pressure range of 11 – 17 MPa (Test 3), 7.5 – 11 MPa (Test 4) and 4.5 – 6 MPa 
(Test 5) and a temperature range of 277 – 289 K. 
The experimental phase boundary can be described by the following empirical 
equation: 
  𝑃!",!%!"#$ = 1.3 + 1.66  exp(0.141𝑇!")	   (3.3) 
where the temperature Teq and the pressure Peq are expressed in ºC and MPa 
respectively. The empirical data fit in equation (3.3) is shown as a dashed line in 
Figure 3.5.  

















Test 3 (experimental data, seawater)
Test 4 (experimental data, seawater)
Test 5 (experimental data, seawater)
Predicted line (equation 3.3)
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3.5 Kinetics of Dissociation Process 
Thermodynamic processes during the depressurisation govern the method used to 
determine hydrate phase boundaries. The kinetics underlying the controlled 
dissociation process described in section 3.2.3 will be explained here.  
Dissociation begins in the vicinity of the miniature wellbore at the sample’s centre as 
this is where the system is being depressurised. The energy consumption rate of that 
volume greatly exceeds the heat energy transfer across its interface, caused by an 
evolving temperature gradient between the dissociating volume and the constant 
temperature at the pressure vessel’s wall. This process can be represented by the 
simple relationship:  
1𝑑𝑉 − 𝑑𝐸!"#$%&'(𝑑𝑡 ≫ 1𝑑𝐴 𝑑!𝐸!"##$%&'𝑑𝑟. 𝑑𝑡 	   (3.4) 
where 1𝑑𝑉 − 𝑑𝐸!"#$%&'(𝑑𝑡   ~    1𝑑𝑡 𝜌!"Δ𝐻!"## 	   (3.5) 
1𝑑𝐴 𝑑!𝐸!"##$%&'𝑑𝑟. 𝑑𝑡   ~    1𝑑𝑟 𝑞!!   ~ 1𝑑𝑟 𝑘! 𝑑𝑇𝑑𝑟 	   (3.6) 
Econsumed is the energy consumed during dissociation [J] 
Esupplied  is the energy supplied from the outer boundary [J] 
V   is the unit volume of the sample in the vessel [m3] 
t   is the unit time [s] 
A   is the unit area [m2] 
r   is the radial distance from the centre of the wellbore [m] 
T   is the temperature of the supplied heat [K] 
ρMH  is the density of methane hydrates [kg/m3] 
q’c   is the heat transfer coefficient [W/m/K] 
kb   is the bulk thermal conductivity of hydrates (2.59 W/mK) 
ΔHdiss  is the dissociation enthalpy (54.2 kJ/mol CH4) 
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where the terms on the left of condition (3.4) represent the volumetric energy 
consumption rate during dissociation per unit volume and the terms on the right 
represent the heat flux into the volume per unit area. The heat transfer processes 
within the sample have a conductive- and a convective component of the gas/water 
pore fluid, which makes an accurate assessment impractical. The heat flux into the 
sample from its outer impermeable boundary, however, is purely conductive. The 
different terms in condition (3.4) are compared for the representative test 1 and 
similar results are obtained for all five tests.  
The condition can be checked by deriving the dissociation rate from the gas extraction 
and the heat flux from the temperature profile. The bottom diagram in Figure 3.6 
shows the accumulated gas volume dissociated from the hydrate sample as the 
pressure is reduced from 19 MPa to atmospheric pressure, as seen in the pressure 
evolution in the top diagram. Within 14.7 min, about 150 litres of methane at standard 
conditions are recovered from the dissociating hydrate sample. Approximating the 
energy consumption with a constant dissociation enthalpy ΔHd of 54.2 kJ/(mol CH4) 
(Handa, 1986), the dissociation process requires 510 W averaged over the same 
period. The maximum energy supplied into the sample corresponds to the greatest 
temperature gradient of 11 K/distance between thermocouples one and six at 14.7 
min, represented by the dotted line in Figure 3.7. The bulk thermal conductivity kb for 
stable hydrate samples with the same properties has previously been measured as 2.59 
W/mK (Falser et al., 2012a). The theoretical maximum heat conduction is therefore 
calculated as 66 W. This shows that the energy consumption rate is about one order of 
magnitude larger than the maximum rate heat energy is conducted into the 
dissociating zone. The dissociation process is therefore forced to obtain the remaining 
energy from the specific heat of the sediment and the pore water, which in turn leads 
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to the temperature decrease along the hydrate’s phase boundary. This simplified 
comparison shows that the dissociation behaviour at the sample’s centre is genuine 
and not governed by the heat transferred into it. 
 
Figure 3.6: Pore pressure evolution (top) and accumulated gas volume in litre at 
standard conditions [SL] (bottom) for Test 2 (freshwater). The vertical dashed lines in 
this figure and in Figure 3.7 represent where dissociation has been completed. 
Condition (3.4) is valid in the range (a) in Figure 3.7, where the temperatures initially 
throughout the sample and later at the sample’s centre remain governed by the 
endothermic dissociation. The reversal point at 14.7 min coincides with the cessation 
of gas extraction shown in Figure 3.6 (bottom). This indicates the completion of 
dissociation, and so the left term in condition (3.4) approaches zero, which makes the 
heat regime in the sample governed by the energy supplied externally (section (b) in 
Figure 3.7).  
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Figure 3.7: Temperature histories during the dissociation Test 2 at the locations listed 
in Table 1. 
The condition (3.4) can be achieved by controlling the depressurisation rate in such a 
way that the temperature within the sample continues to decrease uniformly along the 
phase boundary. The high degree of non-linearity of the methane hydrate phase 
boundary suggests that at higher pressures the endothermic effect during 
depressurisation is less marked than it is at lower pressures. This indicates that the 
depressurisation rate should be increased at lower pressures, in order to compensate 
for the increasing temperature gradients within the sample. That can be checked by 
comparing the depressurisation rates for the seawater tests (Table 3-2) and observing 
that the rate increases from 1.5 MPa/min to 3.5 MPa/min from Test 3 to Test 5 as the 
range of pressure and -temperature obtained in the runs decreases.  
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3.6 Verification of Phase Boundaries  
3.6.1 Temperature Search Method 
As the novel dissociation along the phase boundary method has never been used to 
find the phase boundary, an independent verification method was conducted with a 
separate set of experiments using the “temperature search” method, to determine two 
hydrate equilibrium conditions for the freshwater and seawater systems respectively. 
In this method, the objective was to ascertain the equilibrium temperature at which 
methane hydrates in porous media dissociate at a constant experimental pressure 
(Dholabhai et al., 1991). This pressure-temperature point at equilibrium corresponds 
to a point on the phase boundary. While the first method of finding the phase 
boundary resulted in a continuous range, the temperature search method provided 
discrete equilibrium points. Four equilibrium points were obtained- two of which 
were from purewater methane hydrates and the other two were from seawater 
methane hydrates- and they were compared with the phase boundaries found earlier. 
Hydrate Formation 
Hydrates were formed in a cylindrical vessel with an internal diameter and height of 
10 cm and 15 cm respectively, and a volume of 1240 cm3. Omega copper-constantan 
thermocouples with an uncertainty of 0.1 K were used for temperature measurements, 
with one thermocouple located in the gas phase and three thermocouples embedded in 
the silica sand bed (C1-C3) at varying depths from the bottom of the vessel. A control 
valve (Fisher Baumann) coupled with a PID controller enabled the dissociation to be 
carried out at constant pressure (Babu, 2012). Figure 3.8 shows a cross section of the 
reactor with the location of the thermocouples.  
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The formation temperature and pressure conditions are between 274 to 277 K and 8 to 
10 MPa respectively. 634 g of fully water saturated silica sand, the same sand as has 
been used in the previous experiments used to determine the phase boundaries, filled 
up a third of the pressure vessel.  The desired experimental hydrate formation pressure 
was then applied and the temperature was allowed to cool and reach the formation 
temperature, where it was maintained by a water bath.  The entire hydrate formation 
experiment was allowed to continue until there was no further drop in the reactor 
pressure.  
Hydrate Dissociation  
Upon complete formation, the pressure in the reactor was reduced to the desired 
pressure (for which the equilibrium temperature was to be determined) by carefully 
venting out the free methane gas. When the temperature and pressure had stabilized at 
the experimental pressure, the hydrate sample temperature was increased by around 5 
K from the formation temperature by raising the temperature of the water bath while 
keeping the pressure constant. This marks the start of the dissociation experiment. The 
hydrate sample will dissociate when the temperature in the reactor reaches the 
dissociation point corresponding to the desired pressure. Because hydrate dissociation 
is endothermic, there will be a deviation in the temperature-time histories of the water 
bath and the thermocouples located close to the dissociation region. The equilibrium 
temperature can be obtained by comparing the temperature-time histories of the 
heating curve and the various thermocouples embedded in the bed.  
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Figure 3.8: Schematic diagram of apparatus used in the "Temperature Search" method 
to obtain equilibrium points. C1 to C4 represent the location of the thermocouples in 
the vessel. 
3.6.2 Equilibrium Points for Freshwater Hydrates 
The temperature evolution and methane recovery history of the first test obtained by 
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Figure 3.9: Typical gas release measurement curve along with the temperature 
profiles during hydrate dissociation at 3.1 MPa with a driving force of 4.0 K. Hydrate 
equilibrium point was found to be 275.0 K at 3.1 MPa. 
As seen in the figure, the temperature profile of the water bath represents the heating 
curve. The temperature evolution in the gas phase (as shown by thermocouple C4) 
follows that of the of the water bath. The temperature increase measured by the 
thermocouples inside the sand bed of the reactor (C1-C3) flattens out at a particular 
temperature, which is caused by the heat-absorbing hydrate dissociation. As there is a 
phase change when hydrates dissociate from their solid state into their constituents of 
gas and water, the temperature stabilize until dissociation is completed. This point in 
the figure is the equilibrium temperature for the pressure at which the dissociation 
takes place. For Test 1, the equilibrium temperature was found to be 275.0 K at 3.1 
MPa. The deviation in the temperature profiles can clearly be seen in Figure 3.9 (C1, 
C2, C3). When the temperature exceeds 275.0 K, hydrates start to decompose. Since 
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the reactor pressure was maintained at a constant pressure of 3.1 MPa, the excess gas 
was collected by a reservoir. This point is also marked by the increase in the methane 
gas recovery at 275.0 K as shown in the figure. When the temperature exceeds the 
equilibrium point, the temperature profiles for the three thermocouples located in the 
bed begin to deviate from heating curve (water bath temperature). This is because the 
temperature at a particular location depends upon the heat absorbed for hydrate 
dissociation in that location and the heat supplied by the water bath. The balance of 
this heat transfer determines the thermocouple responses at a particular location. All 
the thermocouples will reach the same temperature upon complete dissociation. Test 2 
was conducted to determine the equilibrium temperature at a pressure of 4.8 MPa, and 
that was found to be 279.5 K. The temperature-time history of Test 2 is shown in 
Figure 3.10.  
 
Figure 3.10: Typical gas release measurement curve along with the temperature 
profiles during hydrate dissociation at 4.8 MPa with a driving force of 4.0 K. Hydrate 
equilibrium point was found to be 279.5 K at 4.8 MPa. 
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The two discrete equilibrium points obtained in the temperature search method (3.1 
MPa, 275K and 4.8 MPa, 279.5K) are incorporated alongside the phase boundary for 
methane hydrates in purewater obtained earlier. While a pressure range of up to 17 
MPa was obtained for the phase boundary, for the verification equilibrium data, the 
two points chosen were in the lower boundary and below 10 MPa as the design 
pressure of the vessel described in Figure 3.8 is 10 MPa. As seen in Figure 3.11, the 
two independent equilibrium points obtained using this temperature search method 
agree with the phase boundary for freshwater hydrates determined by controlled 
depressurisation. This proves the accuracy of the method adopted in this study to 
obtain the phase boundary of methane hydrates, where a continuous range of 
equilibrium data is obtained in a single test through controlled dissociation along the 
phase boundary. On the other hand, numerous tests need to be carried out using the 
temperature search method in order to obtain the same range of the phase boundary. 
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Figure 3.11: Two equilibrium points (3.1 MPa, 275K and 4.8 MPa, 279.5K) found 
using the temperature-search method alongside the phase boundary obtained using 
controlled dissociation for purewater methane hydrates. The error bars for the two 
equilibrium points are shown as ‘+’ symbols in the figure.  
3.6.3 Equilibrium Points for Seawater Hydrates 
Similarly, two equilibrium points were independently determined using the 
temperature search method for seawater hydrates at pressures of 4.2 and 8.0 MPa. 
These are found to be in good agreement with the phase boundary experiments, as 
shown in Figure 3.12. 

















Test 1 (experimental data, freshwater)
Test 2 (experimental data, freshwater)
Predicted line (equation 3.2)
Equilibrium Points (temperature search method)
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Figure 3.12: Two equilibrium points (4.2 MPa, 277.25 K and 8.0 MPa, 283.05 K) 
found using the temperature-search method alongside the phase boundary obtained 
using controlled dissociation for seawater methane hydrates. The error bars for the 
two equilibrium points are shown as ‘+’ symbols in the figure.  
Table 3-3 summarizes the equilibrium points found in this study using the temperature 
search method in porous media as well as the predicted equilibrium temperatures from 
the phase boundary equations for purewater- and seawater hydrates respectively. The 
equilibrium points experimentally found using the ‘temperature search’ method 
validated that the phase boundaries obtained earlier were accurate and may be used to 
predict the stability conditions of purewater and seawater hydrates given a particular 






















Test 3 (experimental data, seawater)
Test 4 (experimental data, seawater)
Test 5 (experimental data, seawater)
Predicted line (equation 3.3)
Equilibrium Points (temperature search method)
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Table 3-3: Summary of equilibrium pressure- and temperature data from the 
"temperature search" method and the predicted equilibrium temperatures from the 
phase boundary equations 3.1 and 3.2. 
System Pexp [MPa] Temperature [K] 
Experimental Predicted 
Methane-Purewater 3.1 275.0 274.9 
 4.8 279.5 279.3 
Methane-Seawater 4.2 277.3 277.1 
 8.0 283.1 283.0 
 
3.7 Comparison of Phase Boundaries 
Phase equilibria data shown alongside gathered by various groups in the past four 
decades gave a good agreement with the phase boundary found in this study for 
purewater methane hydrates (Figure 3.13) and for seawater methane hydrates (Figure 
3.14) respectively.  
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Figure 3.13: Reference phase boundary data for purewater methane hydrates and -
models compared to equation (3.2). 
 
Figure 3.14: Reference phase boundary data for seawater methane hydrates and -
models compared to equation (3.3) (Dickens and Quinby-Hunt, 1994, De Roo et al., 
1983, Duan and Sun, 2006, Maekawa, 2001) 
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A relative shift between the purewater- and seawater phase boundaries is observed, as 
seen in Figure 3.15. The dissociation temperature of the seawater system has an 
average offset of -0.87 K in the lower region of the phase boundary and -0.92 K in the 
upper region of the phase boundary compared to the freshwater system. This is caused 
by the presence of salt, which acts as a thermodynamic inhibitor and causes the 
dissociation temperature to be depressed by a small amount compared to the 
purewater system. Previous studies carried out by Dickens (1994) showed an offset of 
approximately -1.1 K compared to the purewater system.  
 
 
Figure 3.15: Comparison of methane hydrate phase boundaries obtained for 
freshwater- and seawater systems. 
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3.8 Conclusion  
A novel method to determine the hydrate phase boundary in porous media by 
controlled dissociation has been studied. Methane hydrate-bearing sediment samples 
were dissociated by controlled dissociation from a high pressure along the phase 
boundary. This provided a range along the phase boundary instead of discrete points 
used in literature to determine the phase boundary. The accuracy of this method was 
validated independently by the temperature search method at different points of the 
phase boundaries, which gave discrete equilibrium points.  
By conducting dissociation experiments with this new method, the phase boundary of 
seawater hydrates (3 wt% NaCl) has been expanded from the current upper pressure 
limit of 11 MPa to 17 MPa. For both purewater- and seawater methane hydrates, 
empirical equations have been found to describe the phase boundaries of each system 
respectively. This provides an efficient methodology to accurately assess hydrate 
stability in varying conditions. 
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4 Gas Production from Dual Wellbore System 
4.1 Introduction 
One of the most important challenges in today’s world is the ability to supply energy 
for the growing needs of the world. One possible solution is to tap into the 
tremendous potential that methane hydrates have as an alternative energy source. 
With Japan’s state-run JOGMEC successfully attaining the world’s first gas extraction 
from offshore methane hydrate deposits and commercial production aimed within the 
next six years (Lamonica, 2013), the need to explore efficient dissociation processes 
for gas production becomes increasingly important.  
Initially, it was believed that the most efficient method to produce gas from hydrates 
is depressurisation alone, as the full-scale tests in Mallik, Canada have shown. 
However, previous work carried out in the National University of Singapore (NUS) 
on a single wellbore production scheme have suggested that a dissociation scheme 
combining depressurisation and wellbore heating proved to be a more efficient 
method for extracting gas from hydrates (Falser, 2012). Compared to sole 
depressurisation, where the hydrate bearing sediments’ specific heat is used up very 
rapidly resulting in heat having to be transferred in from the surroundings, the novel 
production scheme on average increased the gas production by 3.6 times at the same 
wellbore pressure of 6 MPa.  
One shortcoming of the single wellbore scheme is that the heat supplied to the 
dissociation zone is purely by conduction through the sediment (Falser, 2012) against 
the forced convection caused by the pore fluid flowing back to the wellbore. 
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Therefore, in this chapter, the work on gas production will be extended to investigate 
how heat transfer can be improved using a dual wellbore production scheme. In a dual 
wellbore scheme, where electrical heating is carried out on one wellbore and 
depressurisation on another, the forced convection could be beneficial instead. This is 
because the forced convection through the pore fluid could be employed to supply 
energy into the dissociation zone.  
Although dual wellbore systems have been an established practice in the petroleum 
industry, where one wellbore is used for extraction while the other for water injection, 
such a system would be the first of its kind in the hydrate gas production tests. 
Different gas production temperature and -pressure conditions will be studied to see 
their effects on the efficiency of gas production and energy yield during the process.  
4.2 Test Procedures 
In this section, the test setup will be explained, followed by a representative test to 
describe the outcome of the production tests. The sample properties and parameters 
will then be shown.  
4.2.1 Test Setup 
Figure 4.1 is a schematic of the dual wellbore system, where electrical heating is 
carried out on the left wellbore and depressurisation takes place on the right wellbore, 
which is also the production wellbore.   
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Figure 4.1: Schematic of the dual wellbore system, with resistivity heating on the left 
and depressurisation on the right. 
The temperature at the heating wellbore was controlled electrically by a solid-state 
relay, with a 60 V direct current going into a 240 Ω 15 W heater. The pressure at the 
wellbore was controlled by a spring-loaded regulator valve. The temperature around 
the perimeter of the vessel (environment temperature) was kept constant throughout 
the production tests by the water bath circulating glycol. The pressure- and 
temperature data, placed in the vessels at the locations mentioned in Chapter 2, were 
recorded in National Instruments LabVIEW.  
Similar to the tests to obtain the phase boundary of methane hydrates described in 
Section 3.2.2, the hydrates were artificially formed in the vessel at a constant pressure 
of 15 MPa and a temperature of 3˚C. Completion formation of methane hydrates took 
an average of 65-70 hours. This was indicated by the pressure staying constant (or 
declining by less than 0.1 MPa) and a constant temperature despite the pressure 
increase in the water, signifying that there was no more free gas in the system. If there 
were free gas present, by definition of the ideal gas law (PV= nRT), an increase in 
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pressure would consequentially result in the increase in temperature as the volume is 
constant.  
After hydrates have been formed, dissociation began by depressurizing on one 
miniature wellbore and resistivity heating on the other wellbore. Methane gas 
produced was channeled to a gas-water separator as shown in Chapter 2, and the 
volume of gas collected was determined from the volume of water displaced during 
equation (2.1). Each production test was run for 90 minutes. This took place after the 
pressure was reduced to the required bottom hole pressure (BHP). Thereafter, the 
wellbore pressure was maintained during the production with minute fluctuations 
from the wellbore stimulations throughout the tests.  
4.2.2 Representative Test 
Figure 4.2 shows the pore pressure development and volume of methane gas collected 
during a 90-minute production test for a representative case.  For this case, the 
pressure at the depressurisation wellbore was reduced to 6 MPa while the temperature 
at the heating wellbore was increased to 15 ˚C.  
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Figure 4.2: Representative test (with ΔP6 +ΔT15 for purewater hydrates chosen) of the 
pore pressure evolution (top) and the corresponding gas volume (bottom) collected 
during the 90-minute production test.  
The pressure was maintained at a constant value to ensure that the amount of 
produced gas only comes from the said BHP and not a range of pressures. As seen in 
the Figure 4.2 (bottom), as soon as the pressure at the depressurisation wellbore was 
reduced to 6 MPa (at time=0), production began and the volume of gas collected 
increased. The non-linear increase in gas volume was due to intermittent production 
rates. Occasionally, production was impeded due to blockages at the wellbore. Hence, 
the production was slightly stimulated at the needle valve to ensure a continuity of 
production and that the pressure at the production wellbore did not rise above the 
production pressure of 6 MPa. This resulted in the sudden slight increase in volume of 
gas collected seen at the 20th, 30th and 75th minutes. However, it was by no means an 
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artificial production of gas as if left untouched, the pressure in the vessel will rise 
above 6 MPa.   
Based on the pore pressure and gas volume data, the gas recovery and energy yield 
can be calculated, which will then be compared amongst the samples with different 
parameters.  
4.2.3 Sample Parameters  
For the single wellbore tests (Falser, 2012), it was found that a combination of 
depressurisation to 6 MPa and a simultaneous wellbore heating to 15˚C led to the 
greatest gas production efficiency. All the tests were carried out on methane hydrates 
formed in pure water. The same conditions will be used for comparison in the dual 
wellbore tests (with one wellbore depressurised to 6 MPa while the temperature of the 
other wellbore is increased to 15˚C) and the tests will be further extended to include: 
i) A greater range of depressurisation (ΔP)  
ii) Increased wellbore heating (ΔT) 
iii) Seawater hydrates 
Hydrates for all the gas production tests were formed in similar fashion as described 
in section 3.2.2 using the water excess method.  
The effects of the various production scenarios of depressurisation and heating will be 
investigated. Seven different hydrate production tests were carried out, five of which 
on purewater hydrates and two on seawater hydrates. They are categorised as follows: 
i) Purewater hydrates 
 
- ΔP6 + ΔT15 depressurisation to 6 MPa BHP and heating from 7°C to 15˚C 
- ΔP6 + ΔT25 depressurisation to 6 MPa BHP and heating from 7°C to 25˚C 
- ΔP4 + ΔT15 depressurisation to 4 MPa BHP and heating from 7°C to 15˚C 
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- ΔP4 + ΔT25 depressurisation to 4 MPa BHP and heating from 7°C to 15˚C 
- ΔP4   sole depressurisation to 4 MPa BHP 
ii) Seawater hydrates 
 
- ΔP6 + ΔT15 depressurisation to 6 MPa BHP and heating from 7°C to 15˚C 
- ΔP6 + ΔT25 depressurisation to 6 MPa BHP and heating from 7°C to 25˚C 
An experimental matrix showing the combinations of wellbore pressure and heating 
temperature with respect to the phase boundary is shown in Figure 4.3. For simplicity, 
only the phase boundary for methane hydrates formed in purewater in Chapter 3 is 
shown here. 
 
Figure 4.3: Experimental matrix of the different combinations of wellbore pressures 
and heating temperatures with respect to the phase boundary. 
As far as possible, the testing conditions such as the hydrate saturation and porosity of 
each run were simulated to be as close to that in the α – field in the Nankai Trough of 
Japan (Kurihara et al., 2005, Kurihara et al., 2008). This is so as the most attractive 
hydrate deposits exist as class 3 sediments in Nankai Trough, Mallik and the Alaskan 
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North Slope and they should remain the main research subject. Table 4-1 summarises 
the samples’ properties and testing conditions.  
Table 4-1: Summary of the properties of purewater- and seawater hydrates used in the 
gas production tests. 
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1.72 0.70 1.32 0.98 1.45 0.85 1.08 
        
In the subsequent sections, the produced gas data will be shown the discussed and the 
seven sets of experiments are colour-coded in the figures accordingly:  For purewater 
hydrates, ΔP6 +ΔT15 will be represented by red lines, ΔP6 +ΔT25 (blue lines), ΔP4 
+ΔT15 (green lines), ΔP4 +ΔT25 (yellow lines), ΔP4 (orange lines). And for seawater 
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hydrates, ΔP6 +ΔT15 will be represented by brown lines and ΔP6 +ΔT25 by black lines. 
These will be consistent in all figures. 
4.3 Gas Produced in Purewater Hydrates  
From the 90-minute production tests, the effects of varying wellbore pressure and -
temperature on the gas produced are distinct. Firstly, the effects of the heating 
wellbore temperature are compared- heating to 15˚C or 25˚C while the pressure at the 
production wellbore remains the same. Next, the effects of production pressure are 
compared- depressurisation of the production wellbore to a bottom-hole pressure of 
either 4 MPa or 6 MPa while keeping the heating temperature constant. The gas 
recovery factors, which are a measure of the amount of gas produced relative to the 
initial amount of gas contained in the hydrates, for the purewater hydrates tests will 
then be presented. 
4.3.1 Effects of Temperature  
Figure 4.4 shows the pressure-time histories at the production wellbore and the 
corresponding volume of gas collected during the 90-minute production tests for cases 
of ΔP6 +ΔT15 and ΔP6 +ΔT25, where production pressure was 6 MPa and temperature 
increase was up to 15˚C and 25˚C respectively, and the corresponding gas volume 
collected. The pressure at the production wellbore was maintained as constant as 
possible, at 4 MPa or 6MPa depending on the sample, as the volume of gas 
produced/collected increased. As mentioned in Section 4.2.2, the intermittent sudden 
increases in gas produced throughout the production tests were due to the stimulations 
(slight adjustments to the pressure regulator) to maintain the production pressure.  
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Figure 4.4: Pore pressure developments (top) with a production pressure of 6 MPa 
while the heating wellbore is increased to 15˚C or 25˚C and the corresponding gas 
volume collected (bottom).   
The production rate, i.e. the gradient of the volume of gas produced-time history 
plots, for the case of ΔP6 +ΔT15 began was faster than ΔP6 +ΔT25. This was likely due 
to the initial depressurisation rate for the case of ΔP6 +ΔT15, which was considerably 
higher compared to that for ΔP6 +ΔT25, as seen in the production wellbore pressure-
time histories plot before t=0. Subsequently, the production rate for the case of ΔP6 
+ΔT25 with higher heating wellbore temperature is greater than that for the case of ΔP6 
+ΔT15. The temperature increase of 10˚C gave a 13% increase in the volume of gas 
produced at the end of the 90-minute production run.  
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Figure 4.5: Pore pressure developments (top) with a production pressure of 4 MPa 
with no wellbore heating and heating wellbore to 15˚C or 25˚C, and the corresponding 
gas volume collected (bottom).   
The same results are presented for the cases with pressure of 4 MPa BHP at the 
production wellbore with various heating temperatures at the heating wellbore (ΔP4, 
ΔP4 +ΔT15 and ΔP4 +ΔT25) in Figure 4.5. Again, the slight fluctuations, particularly at 
the 35th- and 62nd- minute of ΔP4 +ΔT25 and ΔP4 +ΔT15 respectively, were due to the 
stimulations to maintain the production pressure at 4 MPa. As seen in Figure 4.5, 
compared to production with no wellbore heating (ΔP4), the effect of increased 
temperature (ΔP4 +ΔT15 and ΔP4 +ΔT25) led to an almost 40% increase in the volume 
of gas produced at the end of the 90-minute run. Although the initial production rate 
for ΔP4 +ΔT25 was higher compared to ΔP4 +ΔT15, its production rate began to decline 
after the 40th minute while ΔP4 +ΔT15 continued to increase. As a result, the volume of 
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gas produced at the end of 90 minutes was higher for ΔP4 +ΔT15 compared to that for 
ΔP4 +ΔT25. This was most probably due to the production pressure for ΔP4 +ΔT15 
dropping to slightly below 4 MPa after the 62nd minute, as seen in the top diagram of 
Figure 4.5, resulting in an increased production at a slightly lower pressure of around 
3.7 MPa. On the other hand, the production pressure for ΔP4 +ΔT25 remained constant 
at 4 MPa till the end of production. Hence, if the production pressure remained 
constant at 4 MPa in both cases, ΔP4 +ΔT25 with higher wellbore temperature 
compared to ΔP4 +ΔT15 would have resulted in higher volume of gas produced at the 
end of the 90-minute production run.  
4.3.2 Effects of Pressure 
Comparing the production scenarios of the tests with identical heating wellbore 
temperature but varying production pressure, Figure 4.6 and Figure 4.7 show the 
cases for production pressures of 4 MPa- and 6 MPa with heating to 15˚C and 25˚C 
respectively.   
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Figure 4.6: Pore pressure development (top) with different production pressures of 4 
and 6 MPa and wellbore heating to 15˚C, and the corresponding gas volume collected 
(bottom).   
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Figure 4.7: Pore pressure developments (top) with different production pressures of 4 
and 6 MPa and wellbore heating to 25˚C, and the corresponding gas volume collected 
(bottom).   
It is evident from the figures that the difference in production wellbore pressure can 
make a significant difference in the volume of gas produced within the same 
production period. In the two sets of scenarios compared above, temperatures of the 
heating wellbore were identical at 15˚C and 25˚C respectively while the pressures at 
the production wellbore were varied by 2 MPa. For cases with heating wellbore 
temperature of 15˚C, the volume of gas produced at the end of the 90-minute 
production run was increased by approximately 2.5 folds when the pressure at the 
production wellbore was lowered by 2 MPa as shown in Figure 4.6.  For cases with 
heating wellbore temperature of 25˚C, the volume of gas produced at the end of the 
90-minute production run was increased by approximately two times when the 
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pressure at the production wellbore was lowered by 2 MPa as shown in Figure 4.7.  
Hence, these results show that a 2 MPa reduction in the production pressure 
significantly increases the volume of gas produced. A difference of 2 MPa would 
correspond to around 200 metres of depth of water, and the increased pressure 
gradient could improve the efficiency of production within the same amount of 
production time.    
4.4 Forced Convection and Dissociation Drive  
One of the attractions of a dual wellbore system is putting the forced convection 
caused by the pore fluid flowing back to the wellbore to advantage. During 
dissociation, the simultaneous heating and depressurisation on separate wellbores 
results in two dissociation fronts, as seen in Figure 4.8. Moreover, the temperature 
gradient between the two wellbores forces the pore fluid to flow from the heating 
wellbore towards the depressurisation wellbore and accelerate dissociation at this 
region.  
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Figure 4.8: Schematic of forced convection during dissociation. 
The heat equation for convection can be defined as: 
𝑞 =   ℎ!𝐴𝑑𝑇	   (4.1) 
where 
 q  is the heat transferred per unit time [W] 
 A  is the heat transfer area of the surface [m2] 
 hc  is the convective heat transfer coefficient of the process (forced convection        
of water= 50~10,000 W/m2K) 
 dT  is the temperature difference = Theating - Teqm [K] 
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The most practical and straightforward way to explain the variation in the forced 
convection and thus the volume of gas produced for different combinations of 
production wellbore pressure and heating wellbore temperature would be the 
dissociation drive, which is the driving force bringing about the dissociation. This is 
illustrated using the temperature histories of the various tests.  
Figure 4.9 shows the temperature evolutions during the 90-minute production period 
for depressurisation to 4 MPa BHP conditions. The equilibrium temperatures, Teqm, in 
the figures are calculated using the empirical phase boundary equation 3.2 found 
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Figure 4.9: Temperature histories of ΔP4 (top figure), ΔP4+ΔT15 (middle figure) and 
ΔP4+ΔT25 (bottom figure). The dashed line in each figure represents the equilibrium 
temperature of methane hydrates, Teqm. 
For the sample subjected to depressurisation alone with no heating, as in the case of 
ΔP4 in Figure 4.9, the main dissociation drive was the pressure reduction from 15 
MPa to 4 MPa and this led to a difference between the equilibrium temperature and 
the sediment’s temperature to be a maximum of 2 K. In such a scenario, the only 
dissociation front would be at the depressurisation wellbore, as seen in the schematic 
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in Figure 4.8. Thus, the forced convection from the heating wellbore was not 
employed and the only energy used for dissociation of the hydrates came from the 
depressurisation. This reinforces the finding that with sole depressurisation, little heat 
energy can be obtained from the sediment and there exists only a small temperature 
gradient between the heating wellbore and the outer-boundary temperature (Falser, 
2012).  
For the case of ΔP4+ΔT15, there is a significantly higher temperature gradient than 
ΔP4, giving rise to a higher dissociation drive. To compare the production scenarios of 
ΔP4+ΔT15 and ΔP4+ΔT25, the temperature gradient is used. When the production 
pressure was 4 MPa, this resulted in an equilibrium temperature of 4.5°C as calculated 
from the phase boundary equation (3.2). As seen in Figure 4.10, the temperature 
gradient between the two wellbores, dT, is significantly steeper for wellbore heating at 
25°C than at 15°C, giving rise to a greater convection and heat transfer from the 
heating wellbore to the production wellbore. With a higher energy drive transferring 
more heat into the dissociating zone, this explains why ΔP4+ΔT25 would technically 
enable a higher recovery of gas produced than ΔP4+ΔT15.  
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Figure 4.10: Temperature differences at the heating wellbore on the left and the 
production wellbore on the right for ΔP4+ΔT15 and ΔP4+ΔT25, resulting in a 
temperature gradient between the two wellbores. 
Similarly, for the tests with production pressure of 6 MPa, Figure 4.11 shows the 
temperature evolutions during the 90-minute production. The equilibrium 
temperatures, Teqm, in both figures are calculated using the empirical phase boundary 
equation 3.2 found earlier and the pressure-time histories shown in section 4.3. 
 
























Theat= 298 K (25°C)
Theat= 288 K (15°C)
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Figure 4.11: Temperature histories of ΔP6+ΔT15 (top figure) and ΔP6+ΔT25 (bottom 
figure). The dashed line in each figure represents the equilibrium temperature of 
methane hydrates, Teqm. 
When the production pressure was 6 MPa, this resulted in an equilibrium temperature 
of around 8°C as calculated from the phase boundary equation (3.2). At the heating 
wellbore, the heating temperature was chosen to be either 15°C or 25°C. Figure 4.12 
shows the location of the two wellbores in the vessel and their respective temperatures 
during the production test conditions of 6 MPa.  
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Figure 4.12: The different temperatures at the heating wellbore on the left and the 
production wellbore on the right for ΔP6+ΔT15 and ΔP6+ΔT25, resulting in a 
temperature gradient between the two wellbores.  
In ΔP6+ΔT15, the heat flux from the heating wellbore led to a much larger dissociation 
drive with more heat being supplied to the dissociating region and this led to varying 
temperature differences throughout the formation.  
In ΔP6+ΔT25, the temperatures at the start of production were already at 288 K (for 
the heater wellbore) and above their initial temperatures at heating to 25°C took a 
much longer time of 45 minutes on average compared to the five minutes it took for 
the heater to reach 15°C. The temperatures in the vicinity of the heater wellbore (T3-
5) progressively deviated from the equilibrium temperature while that of the 
depressurisation wellbore (T2 and T6) remained close to the equilibrium temperature 
as production took place. This is sensible as the dual wellbore enabled the heater to 
transmit heat via forced convection through the pore fluid into the dissociating zone 
on the other wellbore, giving rise to an increased production.  
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Comparing the effects of the different production pressures of 4 MPa and 6 MPa, in 
ΔP4+ΔT15, there is a higher energy drive compared to ΔP6+ΔT15 as a larger pressure 
reduction to 4 MPa BHP resulted in a lower equilibrium temperature even though the 
heating conditions remained unchanged, with the heating wellbore increasing the 
temperature to 15°C in both tests. As seen in Figure 4.10, the temperature gradient 
between the wellbores is much steeper when producing at 4 MPa compared to 6 MPa 
with the same heating wellbore temperature (Figure 4.12) and this increases the 
convection and heat transfer. This meant that there is higher heat flux between the two 
wellbores in ΔP4+ΔT15 and induced an increased production of almost 2-fold as the 
forced convection from the heater to the dissociating zone through pore fluid occurred 
more rapidly.   
Similarly, in ΔP4+ΔT25, there is a much higher energy drive due to the larger pressure 
reduction, which resulted in an increased production compared to ΔP6+ΔT25. 
4.5 Gas Recovery Factor 
With the depressurisation and heating from different wellbores simultaneously driving 
the dissociation, the water- and gas volumes produced during the 90 minutes for the 
purewater hydrates tests are summarised in Table 4-2. The water produced is 
converted into the volume of gas produced through the correlation described in 
Chapter 2. The gas recovery factor is calculated as shown in 4.2.2. The total volume 
of gas contained, Vtotal of gas, is found from the initial saturation.  
With the volume of methane gas collected, the gas recovery factor was calculated 
using the following equation: 
𝐺𝑎𝑠  𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦  𝑓𝑎𝑐𝑡𝑜𝑟=   𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑  𝐺𝑎𝑠𝜂!"!×𝑉!"#,!"#×𝑇!"#,!"#/𝑇!"#,!"!#   
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where  
ηCH4  is the initial amount of methane gas based on the saturation 
Vgas,stp  is the volume of 1 mole of gas at STP (22.4 L) 
Tgas,stp  is the temperature of gas at STP (273.15K) 
Tgas,init  is the initial temperature of the gas [K] 
 
Table 4-2: Water- and gas produced during the 90-minute production for each test 
expressed in standard litres, the total volume of gas contained in the hydrates and the 
percentage of gas recovered from the production tests. 
 Purewater Hydrates 
Test ΔP6+ΔT15 ΔP6+ΔT25 ΔP4+ΔT15 ΔP4+ΔT25 ΔP4 
Water 
produced [SL] 
0.76 0.60 0.40 0.84 1.52 
Gas produced 
[SL] 
64.7 74.7 143.4 133.9 85.5 
Vtotal of gas 
contained [SL] 
145.8 144.3 146.3 159.8 144.8 
Gas Recovery 
factor [%] 
44.9 52.2 98.3 84.3 59.0 
 
Almost all the methane gas contained within the hydrates in ΔP4 + ΔT15 and ΔP4 + 
ΔT25 was recovered within the 90 minutes as the gas recovery factors were above 
80%. This indicates that by lowering the wellbore pressure to 4 MPa, gas production 
is much optimised compared to producing at 6 MPa, which will require a fairly longer 
production time to completely recover the methane gas within.  
In a commercial aspect, an efficient production scenario would aid the operators in 
harnessing the methane gas and having practical knowledge of recovery factors for 
various combinations of depressurisation- and heating conditions would be useful. 
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4.6 Energy Yield 
The results shown thus far indicate that greater depressurisation and higher 
temperature at the production and heating wellbores respectively result in higher 
volume of gas produced.  However, the conditions that lead to higher volume of gas 
produced may not necessarily be the most energy efficient. It is possible that a 
production scheme which results in the highest volume of gas produced consumes the 
most amount of energy to maintain the dissociation drive throughout, which makes it 
energy inefficient. It is therefore essential to compare the amount of energy gained 
from the produced gas versus the amount of energy used during production for the 
various production tests.  
As hydrate dissociation is an endothermic process, it requires energy. This is provided 
in the form of the pumping energy to maintain the pressure during production, Ep, and 
the energy required for heating, Eh. The energy gain would come from the produced 
gas, which can be acquired from the calorific value of methane at 39.68 kJ/SL. 
The method used to compute the input energy Ep and Eh are adapted from that of 
Falser’s single-wellbore scheme (2012) and summarised as follows: 
Table 4-3: Equations and input parameters used in the calculation of the input energy 
(adapted from (Falser, 2012)). 
Pump Energy, Ep [kJ] 𝐸! = 𝑄∆𝑃𝜂!  
Heating Energy, Eh [kJ] 𝐸! = 𝑉!𝑅𝜂! 
Water influx, Q [mD/s] 𝑄 = (𝑃! − 𝑃!")𝑘!2𝜋𝜇   ln( 𝑟!𝑟!")  
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Static- and hydraulic head, ΔP [Pa] ∆𝑃 = 128  𝑧𝜇𝑄𝜋𝐷!!  
Well depth, z [m] 1000 
Pressure of reservoir, P∞ [MPa] 10 
Initial permeability, k0 [-] 0.4 
Diameter of Toyoura Sand [mm] 0.1-0.4 
Wellbore radius, rwb [mm] 5 
P-unaffected radius, r∞ [m] 10 
Perforation length [m] 0.18 
Production tubing, Di [mm] 8 
Viscosity of water, µ [Pa s] 0.0013 
Efficiency of pump, ηp [-] 0.4 
Efficiency of generator, ηg [-] 0.9 
Calorific value of CH4 [kJ/SL] 39.68 
Density of water [kg/m3] 1025 
Density of seawater [kg/m3] 1300 
 
With these parameters, the input energy during the 90-minute production period to 
keep the pressure constant and to heat the wellbore to its set temperature is compared 
to the energy yield, in the form of the produced gas. This is compiled in Table 4-4.  
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Table 4-4: Comparison of energy for the various production schemes. 
	   Purewater Hydrates 
Test	   ΔP6+ΔT15	   ΔP6+ΔT25	   ΔP4+ΔT15	   ΔP4+ΔT25	   ΔP4	  
Ep [kJ] -636 -636 -965 -965 -965 
Eh [kJ] -68 -180 -68 -180 0 
Energy yield [kJ] 2569 2963 5690 5313 3391 
Net Energy 
Gained [kJ] 
1865 2147 4657 4168 2426 
Net Energy 
Gained [%] 
72.6 72.5 82.5 78.4 71.5 
 
Comparing ΔP6+ΔT15 and ΔP6+ΔT25, at a higher production pressure of 6 MPa, 
increasing the temperature from 15°C to 25°C increases the energy yield by 400 kJ 
but it does not improve energy efficiency as the net energy gained remains the same at 
72%. The additional heat energy from the 10°C difference might have gone into the 
forced convection process.  
It can be inferred that depressurisation to a lower wellbore pressure (at the same 
temperature) to 4 MPa compared to 6 MPa results in a higher energy yield as well as 
net energy gained. This implies that there is a higher efficiency when production is 
carried out at a lower wellbore pressure. Taking the three tests of 4 MPa production 
pressure into consideration, the addition of heat (ΔP4+ΔT15 and ΔP4+ΔT25) increases 
both the energy yield and –efficiency compared to sole depressurisation (ΔP4) as the 
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greater temperature gradient between the two wellbores increases the convection and 
the dissociation drive.  
4.7 Results for Seawater Hydrates 
The effects of wellbore heating on the production of seawater hydrates are similar to 
those for purewater hydrates discussed in Sections 4.3 to 4.6. Figure 4.13 shows the 
pressure-time histories at the production wellbore of the two production tests and the 
total volume of methane gas collected within 90 minutes. For the case of ΔP6+ΔT15, 
the quantity of gas produced at the end of the 90-minute production is 55 litres for 
seawater hydrates, which was only slightly less than that for purewater hydrates at 64 
litres. One would expect the total volume of gas produce for the same boundary 
conditions for purewater and seawater hydrates not to differ by a significant amount 
as their phase boundaries have an offset of 1.1 K, as seen in section 3.7. As such, the 
amount of energy needed to dissociate the hydrates would be somewhat similar, given 
the same depressurisation and heating conditions.  
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Figure 4.13: Pore pressure development during the production of the seawater 
hydrates tests (top) and the top volume of methane gas collected (bottom). 
However, for seawater hydrates, the volume of gas produced at the end of the 90 
minutes of 143 litres for the case of ΔP6+ΔT25 was almost three times that for the case 
of ΔP6+ΔT15, as shown in Figure 4.13, even though the heating wellbore temperature 
was only increased by 10°C. Moreover, the volume of gas produced for the case of 
ΔP6+ΔT25 was almost two times that of its purewater. This seems rather drastic given 
that the depressurisation and heating conditions were supposedly identical to the 
corresponding purewater hydrates production test. Nevertheless, it is not physically 
impossible to achieve that volume of produced gas, which is close to complete 
recovery of the total amount of gas contained within the vessel. One possible reason 
for the drastic increase in gas produced is the pressure for ΔP6+ΔT25 was not always 
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kept constant at 6 MPa during production. Instead, as shown in Figure 4.13, the 
pressure reduced linearly with time towards the end of the production to almost 5 
MPa. As the pressure of the production wellbore was controlled manually by 
periodically adjusting the needle valve, it was very likely that the pressure dropped 
below the intended production pressure of 6 MPa due to over-stimulation of the valve. 
Since the temperature of the heating wellbore, which is controlled electrically using a 
solid-state relay, is constant throughout the production process, the drastic increase in 
the volume of gas produced for this sample may be attributed to the increasing 
depressurisation during production. As such, it is possible that the 1 MPa drop in BHP 
led to the huge discrepancy in the amount of gas collected in the seawater ΔP6+ΔT25 
production test, with all other conditions being consistent with the purewater 
ΔP6+ΔT25 test.  
Accordingly, the water- and gas volumes produced during the 90-minute production 
tests as well as the net energy gain for the seawater hydrate tests are summarized in 
Table 4-5. For seawater hydrates, the case of ΔP6+ΔT25 might have yielded an 
optimistic net energy of 83% but as postulated in the preceding paragraph, the 
production pressure dropped to 5 MPa, which resulted in a much higher volume of 
produced gas than if it were produced consistently at 6 MPa. This gave an abnormally 
high net energy gain that is not a good representative of its intended production 
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Table 4-5: Gas recovery factors and net energy gain of seawater hydrates tests. 
 Seawater Hydrates 
Test ΔP6+ΔT15 ΔP6+ΔT25 
Water produced [SL] 3.6 0.82 
Gas produced [SL] 55 122.48 
Vtotal of gas contained [SL] 152.2 134.6 
Gas Recovery factor [%] 38.5 91.6 
Ep [kJ]	   -636	   -965	  
Eh [kJ]	   -68	   -180	  
Energy yield [kJ]	   2182	   4860	  
Net Energy Gained [kJ]	   1478	   4044	  
Net Energy Gained [%]	   67.7	   83.2	  
 
4.8 Comparison between Production of Purewater- and Seawater Hydrates 
With the purewater- and seawater methane hydrate phase boundaries having an offset 
of 0.9 K, the energy required to dissociate hydrates under the same wellbore pressure- 
and temperature conditions should not differ much. Compared alongside in Figure 
4.14, it can be seen that the recovery factor and net energy for purewater hydrates are 
both slightly above that of seawater hydrates.  
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Figure 4.14: Comparison of recovery factor and net energy between purewater- and 
seawater methane hydrates. 
As the phase boundary for seawater methane hydrates is above that of purewater 
methane hydrate, the equilibrium temperature for the same production pressure would 
be higher for the seawater hydrates than for purewater hydrates. The temperature 
gradient between the heating and the production wellbores would therefore be slightly 
less steep for the seawater hydrates, resulting in a lower convection and heat transfer, 
which explains why the recovery factor and energy yield are slightly below that of 
purewater hydrates.  
4.9 Comparison to Single-Wellbore Scheme  
One of the objectives of the dual wellbore scheme is to investigate the effects of 
separating the depressurisation and heating into two wellbores instead of one that was 
used in Falser’s gas production tests. The recovery factor and net energy gained for 
ΔP6+ΔT15 in the single wellbore production scheme is compared alongside that of the 
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Figure 4.15: Comparison of recovery factor and net energy gain with the single 
wellbore scheme. 
It was previously established that a combination of depressurising and heating is a 
more efficient production scheme than sole depressurisation (Falser et al., 2012d) and 
this is validated in this set of experiments as well- a sole depressurisation to 4 MPa 
recovers a lesser volume of gas compared to depressurisation to 4 MPa and heating to 
15°C and 25°C (Table 4-2). However, under the same depressurizing- and heating 
conditions, production with a combination of depressurisation and heating on separate 
wellbores increases the gas recovery by 5% and has a higher net energy gain of 
almost 10% compared to a single wellbore system as shown in Figure 4.15. The 
advantageous use of forced convection to drive more energy into the dissociating zone 
makes the dual wellbore system an improved method of extracting gas from methane 
hydrates.  The effects of a dual wellbore system might be even more pronounced 
when used in a field test as it is much easier for the produced fluids to flow towards 
the production wellbore after having been dissociated by the heating wellbore at a 
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system in the field, the produced fluids would be flowing upstream against the 
dissipating heat from the same wellbore and this would impede dissociation. 
4.10 Conclusion  
The previous methane hydrate experimental work carried out at NUS has been 
modified and extended from carrying out depressurisation and heating on one single 
wellbore to separating them into two different wellbores, one of which for 
depressurisation where the gas produced is extracted and the other for heating only. 
With a variety of depressurisation conditions to 6 MPa and 4 MPa at the production 
wellbore and heating conditions to 15°C and 25°C at the heating wellbore, the 
production tests were carried out for both purewater- and seawater hydrates.  
The experimental results for the 90-minute production tests showed that the dual 
wellbore system is a better production scheme compared to the single wellbore 
system. Additionally, it can also be concluded that  
i) The varying effects of temperature and pressure affect the performance of the dual 
wellbore system. With a lower wellbore pressure, the corresponding lower 
equilibrium temperature would lead to a greater temperature gradient. The same effect 
of a larger temperature gradient is seen when increasing the temperature of the 
heating wellbore. This temperature gradient between the two wellbores forces the 
pore fluid to flow from the heating wellbore towards the depressurisation wellbore 
and accelerate dissociation at this region. 
ii) Compared to the single wellbore system, the simultaneous heating and 
depressurisation in a dual wellbore system results in two dissociation fronts. With a 
larger dissociation drive, the experiments with depressurisation to 4 MPa wellbore 
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pressure resulted in a greater volume of gas produced compared to depressurisation to 
6 MPa wellbore pressure. They were also more energy efficient and gave a higher 
energy yield compared to production at 6 MPa wellbore pressure. Additionally, with 
production pressure of 4 MPa, almost all the gas contained within the hydrates was 
recovered within 90 minutes. This might indicate the conditions of 4 MPa and 
15/25°C is efficient, not only in increasing the gas production but in reducing the time 
taken for complete recovery.   
iii) Gas recovery for purewater and seawater only differed slightly (except for 
ΔP6+ΔT25, which experienced a minor experimental glitch). This is expected as the 
phase boundaries for purewater- and seawater hydrates have only an offset of 1.1 K 
and the required energy to dissociate the hydrates should not vary much.  
Thus far, only experimental work has been carried out to find an efficient gas 
production scheme. Additional numerical simulations would aid in a better 
understanding of the moving dissociation fronts and heat transfer analysis.  
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5 Conclusions and Future Work 
The understanding of gas hydrates in the scientific community has risen remarkably in 
the past decade. The past- and current numerical studies and experiments around the 
world have provided a major database on their properties and energy potential. In this 
chapter, the key findings from this research work will be summarized and the future 
directions of the hydrates project will be highlighted.  
5.1 Key Findings 
In this study, the feasibility of improving gas production from methane hydrates using 
a dual wellbore system with simultaneous depressurisation and heating is explored. 
This study is divided into two parts. Firstly, the hydrate phase boundary was 
experimentally determined. Secondly, gas production tests were performed at 
different combinations of wellbore heating and depressurisation. 
In this work, a novel method of experimentally determining the hydrate phase 
boundary by controlled dissociation was studied. Rather than discrete points that were 
commonly used in literature, this method provided a range along the phase boundary. 
To validate this method, a separate method- the temperature search method, was used 
independently and provided equilibrium points at different points of the phase 
boundaries that were determined earlier. The experiments were conducted for both 
purewater and seawater methane hydrates and the pressure limit of seawater hydrates 
tests was expanded from 11 MPa to 17 MPa. It was found that there exists only a 
slight offset between the phase boundaries of the two systems. Empirical equations 
were then found to describe the phase boundaries. This provides an efficient way to 
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precisely assess the stability conditions of hydrates in purewater and seawater 
conditions.  
In the next part of the research, the gas production of methane hydrates was the main 
focus, with the stability conditions determined from the phase boundaries obtained 
earlier. To extend the previous methane hydrate gas production tests that have been 
carried out at NUS, the hydrate rig was modified to incorporate dual wellbores instead 
of a single wellbore on the cylindrical axis in the pressure vessel. These separate 
wellbores carried out depressurisation and thermal heating to dissociate the methane 
hydrates and in turn, the gas produced was extracted and quantified.  
Similar to the phase boundaries, the production tests were carried out for both 
purewater- and seawater hydrates and the depressurisation conditions were chosen to 
be 6 MPa and 4 MPa while the heating conditions were set at 15°C and 25°C. The 90-
minute production tests showed that there was increased production for production 
conditions at wellbore pressure of 4 MPa with heating compared to 6 MPa with 
heating as the forced convection was greater, leading to a higher dissociation drive 
and ultimately, an increased volume of gas produced. Comparing the effects of 
temperature, heating to 25°C compared to 15°C with the wellbore pressure led to an 
increased production as the larger temperature gradient between the two wellbores 
forces the pore fluid to flow from the heating wellbore towards the depressurisation 
wellbore and in turn accelerates dissociation. From the energy balance analysis, it was 
also shown that experiments with depressurisation to 4 MPa were more energy 
efficient and gave a higher energy yield compared to production at 6 MPa wellbore 
pressure.  
Although the results of the dual wellbore system showed a slight improvement in the 
gas recovery factors as well as the energy efficiency compared to the work carried out 
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in the single wellbore system, the effects of a dual wellbore system might be more 
pronounced in the field as it would be laborious for a single wellbore carrying out 
depressurisation and heating concurrently with the production fluids flowing upstream 
against the dissipating heat from the wellbore.  
5.2 Limitations and Outlook  
Although it is postulated that the dual wellbore system would be a more efficient 
system with pronounced effects seen when it is scaled up, there is much more work to 
be done to fully understand the production system and some of them are discussed in 
this section.   
5.2.1 Wellbore spacing 
At present, the dual wellbores are spaced 6-cm apart in the 18-cm diameter pressure 
vessel. This distance was chosen for practical reasons as if placed any further apart, 
the results may be significantly influenced by the boundary effects since the wellbores 
would be too close to the perimeter of the pressure vessel, and if placed any nearer, 
the forced convection of the pore fluids from the heating wellbore towards the 
production wellbore would be limited to a fixed vicinity and would have minimal 
influence on the results. Figure 5.1 illustrates the limitations of the wellbore spacing 
in the pressure vessel.  
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Figure 5.1: Restrictions of wellbore spacing in the pressure vessel. 
However, one must not preclude the possibilities that the distance between the 
wellbores might affect the rate of production and the energy efficiency. In the oil and 
gas industry, the actual production and injection wells are strategically located 
depending on the temperature distribution in the well, the rate of heat loss from the 
well into the formation and other factors (Horne and Shinohara, 1979). A reasonable 
safe distance between the injection and production wells might be in the range of 500 
to 1000 metres, as estimated in a 3-D numerical model by Chetveryk (2000). 
Although the production of gas hydrate reservoirs vary from the conventional oil 
reservoirs, the general idea of the effects of the spacing between the wellbores would 
play an important role and cannot be neglected. Thus, it might be necessary to carry 
out small-scale production tests with varying wellbore distances, experimentally or 
numerically, and compare the production efficiency and dissociation drive.  
5.2.2 Numerical modelling 
The focus of this research was purely experimental. However, one limitation was the 
understanding of the heat transfer during the dissociation process and this was 
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constrained by having only six thermocouples inside the pressure vessel. Although 
these six thermocouples provided a general insight into the variations in temperature 
between and around the two wellbores, a more accurate way of understanding the heat 
transfer would be with a simple 2-D numerical modelling of the heat distribution 
during dissociation. This will provide us with isotherms around the wellbores and 
better placements of the thermocouples such that they coincide with different 
isotherms.  
5.2.3 Hydraulic fracturing of hydrates 
As the race towards commercialization of the gas production of hydrates continues, 
various production methods should certainly be explored. One possible method would 
be the fracturing of the solid hydrate layer and circulating the seawater or other 
solvents to create a temperature gradient and increase the surface area of the solid 
hydrates for dissociation. Figure 5.2 depicts the fracture of the solid hydrates for both 
vertical and horizontal drilling wells.  
 
Figure 5.2: Illustration of hydraulic fracturing of hydrates for vertical (left) and 
horizontal (right) drilling wells. 
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However, the execution of the aforementioned production method is not as 
straightforward as it appears to be. First, the fracture toughness of the material has to 
be known to understand the material strength and the energy required to crack a 
surface. Upon obtaining the fracture toughness of the frozen soil, the hydraulic 
fracturing of the frozen saturated sand can be carried out and it can be extended to the 
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